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RÉSUMÉ
Nous proposons une nouvelle méthode pour quantifier la vorticité intracardiaque 
(vortographie Doppler), basée sur l’imagerie Doppler conventionnelle. Afin de 
caractériser les vortex, nous utilisons un indice dénommé « Blood Vortex 
Signature (BVS) » (Signature Tourbillonnaire Sanguine) obtenu par l’application 
d’un filtre par noyau basé sur la covariance. La validation de l’indice BVS mesuré 
par vortographie Doppler a été réalisée à partir de champs Doppler issus de 
simulations et d’expériences in vitro. Des résultats préliminaires obtenus chez des 
sujets sains et des patients atteints de complications cardiaques sont également 
présentés dans ce mémoire. Des corrélations significatives ont été observées entre 
la vorticité estimée par vortographie Doppler et la méthode de référence (in silico:
r2 = 0.98, in vitro: r2 = 0.86). Nos résultats suggèrent que la vortographie Doppler 
est une technique d’échographie cardiaque prometteuse pour quantifier les vortex 
intracardiaques. Cet outil d’évaluation pourrait être aisément appliqué en routine 
clinique pour détecter la présence d’une insuffisance ventriculaire et évaluer la 
fonction diastolique par échocardiographie Doppler.
Mots-clés : Echocardiographie Doppler, Écoulement sanguin intraventriculaire,
Imagerie de vortex, Vorticité, Vortographie Doppler
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ABSTRACT
We propose a new method for quantification of intra-cardiac vorticity (Doppler 
vortography) based on conventional Doppler images. To characterize the vortices, 
an index called “blood vortex signature” (BVS) was obtained using a specific 
covariance-based kernel filter. The reliability of BVS measured by Doppler 
vortography was assessed in mock Doppler fields issued from simulations and in 
vitro experimentations. Some preliminary results issued from healthy subjects and 
patients with heart disease were also presented in this research project. Strong 
correlations were obtained between the Doppler vortography-derived and ground-
truth vorticities (in silico: r2 = 0.98, in vitro: r2 = 0.86, in vivo: p = 0.004). Our 
results demonstrated that Doppler vortography is a potentially promising
echocardiographic tool for quantification of intra-ventricular vortex flow. This 
technique can be easily implemented for routine checks to recognize ventricular 
insufficiency and abnormal blood patterns at early stages of heart failure to 
decrease the morbidity of cardiac disease.
Keywords: Doppler echocardiography, Intra-ventricular blood flow, Vortex 
imaging, Vorticity, Doppler vortography
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Heart disease is a leading cause of death worldwide and most patients with heart 
disease suffer from symptoms of impaired left ventricle myocardial function. 
Several studies have aimed to predict and evaluate LV function to decrease its 
effect on cardiac morbidity and mortality. The objective of this research project 
was to create a new non-invasive clinical index based on vortical structures for the 
assessment of left ventricle function that can be easily applicable in a clinical 
context. For this purpose, we start this thesis with an overview of heart, left 
ventricle, and mitral valve physiology. Then heart failure epidemiology along with 
systolic and diastolic dysfunctions and the reliable parameters to evaluate diastolic 
function will be discussed. Current diagnostic tools for left ventricle dysfunction 
will be briefly investigated. Conventional color Doppler ultrasound imaging is a 
fully non-invasive, available and inexpensive modality to detect and quantify the 
intra-ventricular vortices that form during left ventricle filling. Therefore, in this 
section the physics of the ultrasound wave propagation and more specifically, the
scattering and reflection processes in the medium which produce the backscattered 
signal received by the transducer will be explained. Transducer design, ultrasound 
beam formation and the process of beam steering and focusing in an ultrasound 
image acquisition as well as the different types of echo display modes will 
subsequently be discussed. Finally, the diagnostic imaging sequence in a typical 
conventional ultrasound system and the influence of different parameters on image 
quality will be investigated. 
Within the left ventricle of a normal heart, blood flows in an asymmetric swirling 
motion. These swirling patterns (also called vortices) are claimed to minimize the 
energy dissipation from the flow and optimize ejection of the blood flow from the 
left ventricle [1, 2]. Vortices that form during left ventricle filling have specific 
geometry and location which can be a determinant factor of the heart function. So, 
in chapter 2, the origin of the vortices and their strength (vorticity) will be 
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presented. The processes of vortex formation in fluid dynamics and particularly 
within the left ventricle during diastole will be explained. Then the effect of left 
ventricle diseases on vortex formation will be described. As it will be explained, in
patients with abnormal heart function, the intra-ventricular flow is disrupted
causing the geometry of the vortex to change and can also generate undesirable 
vortices. The presence of two types of vortical flow structures, a vortex at the 
sharp edge of the mitral anterior leaflet in healthy subjects and additional vortices 
at the vicinity of the apex of the left ventricle in patients will be discussed. 
Moreover, the current available non-invasive vortex imaging techniques and tools 
for both clinical and experimental applications will be introduced. Finally, goal 
and objectives in this research study will be clarified. To that end, Doppler 
vortography modality for intra-ventricular vortex imaging will be described in 
chapter 3. Because the Doppler velocities have specific symmetry in the vortex 
position, in this chapter an index called “blood vortex signature” (BVS) reflecting
the intra-ventricular vortices during early filling will be proposed. In addition, a 
vortex is mainly described by its core vorticity and quantifying the intra-
ventricular vortices could be of clinical interest. Therefore, the core vorticities as a 
function of Doppler velocities will be accurately estimated. In silico and in vitro
experiments will be performed to validate our technique and to analyze the effect 
of transducer position and kernel window size. Then, the results of the preliminary 
pilot study on 18 patients including normal subjects and hypertensive patients will 
also be presented. At the end our results, followed by the technical limitations and 
future developments of the proposed technique will be discussed.
Due to the novelty of this research study in the field of cardiology, my results were 
presented at 3 conferences (IEEE Ultrasonics Symposium 2011, Canadian 
Cardiovascular Congress 2012, and Congrès Étudiants CRCHUM 2011, 2012) in 
oral and poster presentations. My findings were also accepted for publication in 
“Ultrasound in Medicine & Biology” journal which is a high impact factor journal 
in the domain of echocardiography. Conference proceeding and journal paper are 
presented in the appendix section for additional information.  
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CHAPTER 1 INTRODUCTION
In this chapter, we give an overview of the heart physiology and briefly discuss on 
the heart function. Some basic principles of medical ultrasound imaging are also 
described.
1.1 Heart and left ventricle
The heart is one of the most vital organs in the body. It is composed of muscle 
tissue, the myocardium, which acts to pump the blood carrying oxygen and 
essential nutrients to the body tissues and similarly rid the body tissues of waste, 
transporting these materials to their appropriate site for disposal [3, 4]. The 
circulatory systems functions in a cyclic manner with the heart playing the central 
role. The cycle starts with returning deoxygenated venous blood from the body 
which collects in the right atrium via the superior and inferior vena cava [3, 4].
From the right atrium the blood passes through the right atrioventricular valve to 
the right ventricle. Each of the cardiac valves in blood circulation serves the 
functional purpose of maintaining unidirectional flow [3, 4].
Figure 1-1: Sequence of blood circulation in a normal heart [3].
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Upon filling of the right ventricle the blood goes to the lungs, via the pulmonary 
valve, to release carbon dioxide and become oxygenated for recirculation, once 
again, to the body. The pumping action to the body occurs on the left side of the 
heart. The left atrium fills with blood, which moves to the left ventricle, via the 
mitral valve, and is ejected into the aorta via the aortic valve. This sequence is 
demonstrated by Figure 1-1 [3, 4].
The left ventricle is considered to be a high pressure pump. Because the left atrial 
receives the blood passed through the pulmonary circulation at a pressure about 10 
mm Hg and empty itself in to the left ventricle. After left ventricular contraction 
the blood pressure rises to around 100 to 140 mm Hg. 
The anatomy of the heart has a complex physiology. For proper cardiac function 
there is an imperative coupling between electrical and mechanical activity that 
must be maintained. 
1.1.1 Cardiac cycle
The contraction of the heart is driven by the aforementioned electrical functioning. 
As both sides of the heart contract in essentially an identical manner and the left 
ventricle has the majority of the pumping power, it will suffice to discuss the 
electromechanical coupling with respect to the left ventricle of the heart. The cycle 
of the heart is divided into two major phases: systole, for which the ventricle 
contracts and blood is ejected into the aorta, and diastole, for which the ventricle is 
relaxed and filling.
Starting from the beginning of diastole, the ventricle begins relaxation in 
preparation for filling (phase 5 in Figure 1-2). The beginning of this relaxation 
period is called isovolumetric ventricular relaxation (IVR). As we see in Figure 
1-2, the pressure in the ventricle is less than that of the aorta yet greater than that 
of the atrium, so relaxation is performed with both valves closed [3, 4]. Then the 
slight increase in size of the ventricle caused by relaxation, while maintaining the 
same volume, causes the pressure to decrease rapidly. At the point for which the 
ventricular pressure dips below the pressure in the atrium, the mitral valve opens 
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and beings ventricular filling (phases 6 and 7 in Figure 1-2). The pressure in the 
ventricle will match the pressure in the atrium for the remainder of diastole [3, 4].
The next marked event occurs due to the depolarization of the atria (phase 1 in 
Figure 1-2), for which the atrium will contract with a small delay due to the
implementation of muscle fibre mechanisms [3, 4]. The contraction of the atria 
forces the last filling stage of the ventricle at which time the mitral valve is 
partially closed due to the reversed pressure gradient. At approximately the same 
moment as atrial contraction begins the ventricle begins to depolarize [3, 4]. This 
delay as seen in the previous section is attributed to the time it takes for the 
electrical signal to propagate from the atrioventricular node to the Purkinje fibres 
allowing time for the atria to contract fully and complete the filling of the ventricle 
before ventricular contraction starts. As in the case of relaxation, ventricular 
contraction also begins with an isovolumetric contraction stage (phase 2 in Figure 
1-2) whereby the ventricle begins to contract, shown by a steep increase in 
ventricular pressure in Figure 1-2, until the pressure in the ventricle reaches the 
pressure of the aorta. At this point the aortic valve will open and full contraction 
and ejection of the ventricle occur (phases 3 and 4 in Figure 1-2) [3, 4].
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Figure 1-2: Events of the cardiac cycle involving the left heart [5]. Different phases of cardiac 
cycle are as follows: 1) atrial contraction, 2) isovolumetric contraction, 3) rapid ejection, 4) 
reduced ejection, 5) isovolumetric relaxation, 6) rapid filling, and 7) reduced filling. LV, left 
ventricle; ECG, electrocardiogram; AP, aortic pressure; LVP, left ventricle pressure; LAP, left 












One of the important and complex components of the heart is the mitral valve. The 
mitral valve is an atrioventricular valve which connects the two chambers of the 
left heart, the left atrium and the left ventricle. The mitral valve is a thin dual-flap 
valve with asymmetric leaflets and anterior and posterior cusps. The anterior 
leaflet is typically larger in area than the posterior leaflet and is located between 
the mitral orifice and the left ventricle outflow tract. The posterior valve, the 
smaller cusp, is positioned in the contralateral side. The mitral leaflets are 
connected to Chordae tendineae which is attached to the papillary muscles at the 
bottom and sides of the left ventricle [3-5].
Figure 1-3: Side view (left) and top view (right) of the mitral valve [6].
The mitral valve opens during diastole allowing the blood to enter the left ventricle 
from the left atrium and closes during systole to prevent reverse flow (leak) from 
the left ventricle to the left atrium. During systole, while the left ventricle 
contracts, the annulus dilates and the chordae tendineae hold up and seal the 























Figure 1-4: The mitral valve function during diastole (left) and systole (right) [7].
1.2 Heart failure
Heart disease is one of the three leading causes of death in Canada [8, 9]. Heart 
failure is the most rapidly growing cardiovascular disease that will impact the lives 
of Canadians during the next decades [10]. It develops due to functional or 
structural cardiac disorders that impair the ability of the heart to meet the oxygen 
demands of tissues. Heart failure affects approximately 400,000 Canadians per 
year (equating to one heart failure every minute) and the incidence continues to 
rise due to the aging population and the dramatic prevalence of chronic 
cardiovascular diseases. The prevalence of heart disease is expected to double by 
2025 [11]. Heart failure (HF) significantly contributes to cardiac mortality and 
morbidity and has a major impact on public health care costs, including physician 
services, hospital costs, lost wages and decreased productivity [12].
Cardiovascular diseases cost the Canadian economy approximately 20 billion 
dollars per year [13].
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1.2.1 Systolic and diastolic dysfunctions
Most patients with HF have symptoms related to an impairment of the myocardial 
function of the left ventricle (LV) [12]. Heart failure can be categorized into two 
different abnormalities: systolic and diastolic dysfunctions which are respectively 
due to insufficient contraction and relaxation of the heart [14-16].
One of the good clinical indicators of the ventricular systolic function is the left 
ventricle ejection fraction (EF).  Left ventricle EF measures the percentage of 
blood pumped out of LV in each heartbeat. It can be calculated by the difference 
between LV end diastolic volume (EDV) and LV systolic volume at end systole 
(ESV) divided by EDV. However, about half of patients with diagnosis of heart 
failure have preserved left ventricular systolic function with a normal or near 
normal ejection fraction [15, 16].
In this research study, only the intra-ventricular flow patterns during diastole are 
considered. Thus, in this section we mostly focus on diastolic function as well as 
the different ways for its assessment. The clinical definition for diastolic heart 
failure constitutes the presence of heart failure symptoms and signs while 
maintaining a normal ejection fraction (ejection fraction greater than 45%) and 
systolic function [17]. In the case of diastolic dysfunction, the relaxation process is 
abnormally delayed followed by a decrease in LV pressure drop during early 
diastole. Therefore, the minimum LV diastolic pressure is achievable in a longer 
time interval than normal conditions which in turn delays the blood flow suction 
from the left atrium into the LV. Consequently, it increases the time taken to reach 
an equilibrium pressure between LV and LA. Due to this delayed relaxation, the 
atrial contraction would be responsible for the considerable portion of the diastolic 
filling. Under this condition, the left atrium may lose its compliance and as a result 
the LA pressure increases at the end of diastole. The elevated LA pressure impairs 
the myocardial relaxation in resting state in severe diastolic dysfunction [18].
When the relaxation process is reduced at rest, the ventricle is also unable to relax 
fully to fill with blood in an adequate diastolic filling period in case of exertion or 
stress. The abnormal relaxation at rest is followed by a lack of atrial contraction to
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compensate the remaining ventricular filling process in severe diastolic 
dysfunction; this results in an elevation in LV diastolic pressure. Therefore, in 
diastolic dysfunction the heart is able to pump sufficient oxygenated blood to the 
body, but at a higher filling pressure [18]. Higher LV end-diastolic pressure causes 
the LA to eject the blood backward into the pulmonary veins. Then excessive 
accumulation of blood in the pulmonary circulation is expected which leads to 
right heart failure [18]. Besides, a significant reduction of the cardiac output and 
stroke volume is observed in severe diastolic dysfunction because the LV becomes 
so rigid that it disturbs the normal atrial muscle functioning and subsequently the 
EDV cannot match with the abnormal elevated filling pressure [17, 19].
1.2.1.1 Available diastolic parameters
1.2.1.1.1 End diastolic pressure volume relationship (EDPVR)
Pressure-volume (PV) loop is a primary powerful tool to quantify cardiac 
mechanisms and ventricular function. It provides pressure measurements against 
volume measurements within LV in a heart cycle. During ventricular filling, the 
pressure generated at a given volume can be determined by compliance of the LV. 
Left ventricle compliance can be determined by the ratio of a change in volume 
divided by a change in pressure. In Figure 1-5, left ventricle filling (a), 
isovolumetric contraction (b), LV ejection (c), and isovolumetric relaxation (d) 
corresponds to a single cardiac cycle are represented. Information regarding EDV, 
ESV, and stroke volume can be easily obtained by PV loops [5].
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Figure 1-5 : LV pressure volume loop which represents ventricular pressure against ventricular 
volume at any given point in a single cardiac cycle. Different period of a heart cycle is represented 
by letters. a, ventricular filling; b, isovolumetric contraction; c, ventricular ejection; d, 
isovolumetric relaxation. ESV, end systolic volume; EDV, end diastolic volume; SV, stroke 
volume; EDPVR, end diastolic pressure volume relationship; ESPVR, end systolic pressure volume 
relationship [5].
As it can be seen, the filling phase can be described by end diastolic pressure 
volume relationship (EDPVR). The slope of the EDPVR at any point along the 
curve is reciprocal of LV compliance. Pressure and volume follow a nonlinear 
relationship within the LV. Hence, the slope of the filling curve increases (LV 
compliance decreases) with increasing pressure and volume. For instance, in 
hypertrophic patients the LV compliance is decreased which results in higher LV 
end diastolic pressure at any given EDV. Hence, EDPVR slope will increase in a 
way that the filling curve shifts upwards and to the left (refer to Figure 1-6). In 
dilated heart, larger EDV without causing a great elevation in end diastolic 
pressure is expected and the filling curve will shift downwards and to the right 
(reduction in EDPVR slope as shown in Figure 1-6). However, providing pressure-
volume loops require invasive pressure-volume catheter-based measurements [5].
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Figure 1-6: Ventricular passive filling curve (EDPVR) which provides an insight into the 
ventricular diastolic function. The EDPVR for normal, hypertrophic, and dilated left ventricles are 
represented. The slope of the EDPVR increases in hypertrophic patients, however it decreases in 
the presence of ventricular dilation. LV, left ventricle; EDV, end diastolic volume; EDP, end 
diastolic pressure [5].
There also exist some echocardiographic (basic principle of echocardiography will 
be discussed later in this chapter) measurements for the evaluation of left 
ventricular diastolic function. Most commonly used echocardiographic parameters 
are as follows. 
1.2.1.1.2 MiWUDODQQXODUPRYHPHQWHƍ
A reliable parameter to evaluate the LV myocardial relaxation is the velocity of 
PLWUDO DQQXODU PRYHPHQW Hƍ GXULQJ HDUO\ GLDVWROH ZKLFK FDQ EH PHDVXUHG E\
tissue Doppler echocardiography [18, 20]. In normal young subjects in resting 
VWDWH VHSWDO DQG ODWHUDO Hƍ DUH JUHDWHU WKDQ  DQG  FPV UHVSHFWLYHO\ 'XULQJ
physical activities or in case of stress, these relaxation parameters increase 
showing that the LV is able to achieve a lower minimum LV pressure to increase 
HDUO\ GLDVWROLF ILOOLQJ +RZHYHU Hƍ will be decreased in patients with diastolic 
dysfunction. Therefore, mitral annular movement Hƍ is the primary parameter in 
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the assessment of the LV diastolic function [18]. However, it has been shown that 
mitral annular movement parameter is preload dependent [15].
1.2.1.1.3 Early wave velocity and late velocity ratio (E/A)
Another essential parameter for the evaluation of the LV diastolic function is 
primary measurements of the mitral inflow velocities recorded by Doppler 
echocardiography. Normal mitral inflow consists of rapid filling wave at the onset 
of diastole phase after mitral valve opening (E-wave) and late diastolic filling 
wave after atrial contraction (A-wave) [18]. In healthy subjects the early diastolic 
mitral inflow velocity (E-wave) is higher than the late velocity (A-wave) after 
atrial contraction; the E/A ratio is greater than 1. With advancing age, the diastolic 
dysfunction can be defined by lower E velocity than the A velocity (E/A < 1) 
IROORZHGE\ D ORQJHUGHFHOHUDWLRQ WLPHDVZHOO DV D UHGXFWLRQ LQ Hƍ ,Q DGYDQFHG
stages of diastolic dysfunction, the early diastolic mitral velocity (E) increases 
ZLWKDVKRUWGHFHOHUDWLRQWLPHDQGWKH$YHORFLW\GHFUHDVHV($IROORZHGE\
a UHGXFHGHƍ,QLQWHUPHGLDWHVWDJHVRIGLDVWROLFG\VIXQFWLRQHƍLVUHGXFHGEXWZLWK
a normal mitral inflow velocity parameters (E/A > 1) [18]. However, mitral inflow 
velocities are load dependent and also affected by other factors. Therefore, some 




its relation with LA and LV filling pressures [18]7KH(HƍUDWLRLVFRUUHODWHGZHOO
with the mean pulmonary capillary wedge pressure (PCWP) obtained by 
simultaneous pulmonary artery catheter measurements [18, 20]. The PCWP can 
provide an indirect measure of the LA filling pressure. In case of diastolic 
G\VIXQFWLRQZLWKHOHYDWHGILOOLQJSUHVVXUHWKH(YHORFLW\LQFUHDVHVDQGUHOD[DWLRQHƍ




elevated LV filling pressure [18]. However, there are some clinical settings in 
which (HƍUDWLR should not be used to evaluate diastolic function. For instance, in 
healthy subjects (HƍUDWLR may not give a reliable estimate of the ventricular filling 
pressure [15].
1.2.1.1.5 Mitral flow propagation velocity (Vp)
The mitral flow propagation velocity (VP) measured by color M-mode Doppler is 
also able to estimate LA filling pressure and reflect the myocardial relaxation. It 
behaves as a non-invasive index for the prediction of LV filling pressure and the 
assessment of LV diastolic function. Combining the E velocity with VP provides a
better estimation of PCWP and more importantly the diastolic function. In vivo 
studies in patients with diastolic dysfunction show that E/VP and LA pressure are 
directly proportional to each other so this ratio is able to obtain estimation of LV 
filling pressures [15, 18, 20, 22]. However, patients with abnormal filling 
pressures but normal LV volume and EFs can have deceptively normal Vp.
Moreover, it has been previously shown that Vp is preload dependent in patients 
with both normal and depressed EFs [15].
1.3 Current diagnostic tools for left ventricle dysfunction
1.3.1 The electrocardiogram (ECG) tracing
Electrocardiogram tracing is the primary clinical tool to diagnose rhythm 
disturbances of the heart as well as changes in the electrical conductivity of the 
myocardium. In cases of myocardial ischemia and infarction, ECG is a key tool to 
diagnose the disease. ECG is able to identify the extent, location and also the 
progression of damages in the ischemic or infarcted areas. In Figure 1-7 the 
component of the ECG trace can be observed. The P-wave, QRS complex and T-
wave represent the atrial depolarization, ventricular depolarization and ventricular 
repolarization respectively. 
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Figure 1-7: The components of a normal electrocardiogram (ECG). P: atrial depolarization; 
QRS: ventricular depolarization; T: ventricular repolarization.
The continuous repetition of waves in the ECG trace represents the continuity of 
the depolarization and repolarization of the atria and ventricles [23]. Abnormal Q-
wave, T-wave, or ST-segment and also any changes in the shape of the QRS-
complex reveal myocardial infarction or ischemia. However, it is possible to 
obtain a normal ECG in cases of ischemia, infarction or cardiac arrest. In such 
cases, the electrical activity of the heart (ECG tracing) seems normal, but the heart 
does not contract efficiently or for any reason, the cardiac output is inadequate to 
transport blood to all organs of the body [23].
1.3.2 Magnetic resonance imaging 
Magnetic resonance imaging (MRI) is regarded as gold standard in non-invasive 
imaging and evaluation of cardiac and vascular function. Magnetic resonance 
imaging provides an accurate assessment of the anatomic characteristics of the 
heart (size of the chambers, thickness of the walls, valve function, degree and 
extent of the cardiac disorder) and the peripheral blood vessels [24]. Magnetic 
resonance imaging can also be used for a thorough quantitative cardiac flow and 
evaluation of valvular function. High quality images can be acquired by means of 
3D cine phase contrast magnetic resonance imaging which synchronizes the 
imaging with respiratory and cardiac movements [24, 25]. 3D cine phase contrast 
velocity data acquisitions can provide useful information on the time-resolved 
characterization of blood flow in cardiac chambers. Furthermore, 3D time-
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resolved MRI has the potential to provide arbitrary cut-planes which are not 
accessible by echocardiographic imaging. However, MRI cannot be part of routine 
clinical set-up. The measurement time to acquire images by MRI technique is 
highly dependent on the size and accuracy of the measured data, heart rate and 
also the efficiency of respiration control for each patient [24]. For instance, the 
time required for acquiring a complete heart velocity data set with a spatial 
resolution of 3×3×3 mm3 and temporal resolution of 46 ms by 3D time-resolved 
MRI is 20 min [24]. Although, it is possible to speed up the acquisition time by 
decreasing the number of samples, this may generate artefacts which complicate 
data processing.
1.3.3 Doppler echocardiography
Echocardiographic imaging is the primary routine clinical diagnostic tool in 
cardiology. Echocardiographic imaging can provide plenty of invaluable 
information about anatomic distances, volume measurements, motion study, 
cardiac pumping capability, and also the severity of tissue damages. In addition, it 
can be used to estimate the heart function such as evaluating the cardiac output and 
diastolic function. The wide accessibility of cardiac ultrasound and its ability to 
derive real time non-invasive information makes echocardiography the 
prerequisite technique for the evaluation of cardiac diseases such as hypertrophied 
and dilated cardiomyopathy. 
Color Doppler imaging is an accurate echocardiographic technique for visualizing 
the blood flow through the heart and the cardiovascular system. It uses standard 
echographic methods to provide an overview of flow patterns. It combines 
anatomical information obtained by pulse-echo ultrasound with velocity 
information derived using Doppler ultrasound techniques to generate a color-
coded map of blood velocity superimposed on a gray scale image of tissue 
anatomy. During color flow acquisitions, a transducer is passed over the skin, 
above the target area (heart chambers or some parts of the cardiovascular system). 
The probe emits multiple small pulses of ultrasound beams which reach the 
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sampling area and return to the probe. The received signal gives information on 
the blood flow in the area of interest. The flow velocity can be estimated from the 
phase shift between the echoes at a fixed depth during two or more subsequent 
pulses (refer to section 1.7) [26-28]. Given its wide availability, non-invasive, 
radiation-free and low-cost nature compared to other imaging methods such as CT 
and MRI, Doppler echography is currently the method of choice to evaluate 
cardiac diseases. Ultrasound imaging is a highly valuable technique in this context 
as it can achieve the high frame rates necessary to assess the cardiac function and 
blood flow visualization.
While evaluating the cardiac function, it is essential to work with a data set which 
provides the true velocity information of the myocardium movements and blood 
flow in the heart chambers. However, using ultrasound in this context has a 
number of weaknesses. Its main limitation is that only one dimensional blood flow 
measurements (only velocity components along the transducer scanline towards or 
away from it) are obtained in clinical practice, while ideally it must include 
information regarding both the magnitude and the direction of three dimensional 
velocity vectors. Moreover, the blood flow assessment may be hindered due to the 
presence of strong surrounding tissue signal. In cardiac application the clutter from 
the heart walls and surrounding tissue is much higher than echoes from the blood 
particles; it precludes the accurate velocity data. The presence of ultrasound beam 
side lobes and reverberations also reduces the image spatial resolution and contrast 
of the images. So in order to provide an accurate diagnosis of the heart function, 
special attention should be made to prevent the clutter effect during ultrasound 
acquisition throughout the cardiac cycle [26, 27].
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1.4 Basic physics of ultrasound
1.4.1 Propagation of ultrasound waves
The sound we normally hear is from 15 to 20,000 cycles per second. Ultrasonic 
waves are sound waves that have higher frequencies than the audible frequency 
range which causes mechanical disturbances and vibrations in materials. Medical 
ultrasound uses typically a 100 times higher frequencies than the limit of human 
hearing which is 2 to 20 MHz. When a force is applied normal to the medium 
surface, a longitudinal pressure wave is generated in which the movement of the 
particles in the medium is parallel to the wave propagation direction. In the 
presence of longitudinal pressure waves, compression and rarefaction zones 
(Figure 1-8) can develop in the medium. The compression and rarefaction of 
sound waves can be generated in liquids as well as solid mediums with the speed 
of propagation dependent on the medium properties. In solids, the sound can also 
propagate as shear waves or transversal waves in which the particles oscillate at a 
direction perpendicular to the direction of propagation. Clinical ultrasound 
imaging most widely uses longitudinal wave propagation because shear waves are 
rapidly attenuated in tissue [29, 30].










The speed of longitudinal ultrasound waves is determined by the ratio of the bulk 
PRGXOXV . DQG WKH GHQVLW\ ȡ RI WKH PHGLXP 7KH EXON PRGXOXV LV WKH
substance’s resistance to uniform compression and is inversely proportional to the 
compressibility [29, 31].
ܿ =  ඨܭߩ (1-1)
This equation shows that compressibility and speed of sound are inversely 
proportional. For instance, the sound in air travels at a greater speed than in 
skeletal bones. The speed of sound in most tissues in the human body is 
considered to be 1540 m/s [30].
1.4.2 Scattering
When the ultrasound energy propagates in a medium, various interactions of 
ultrasound waves with matters including reflection, refraction, scattering, and 
absorption are expected due to the changes in impedance of the medium [26, 27,
29, 32].
When the incident beam is perpendicular to the tissue boundary, a portion of the 
beam, after interaction with the boundary, returns to the transducer as an echo. The 
remaining portion of the beam continues transmitting through the medium in its 
initial direction. This phenomenon in which the dimension of the smooth boundary 
is larger than the incident wave length is called specular reflection. The larger the 
difference in impedance, the greater the reflection will be. Bones and vessel walls 
are the most regular structures that generate specular reflections. These types of 
reflections are not desirable in cardiovascular imaging and will be compensated by 
clutter filtering [29, 32].
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Figure 1-9: Reflection and refraction of ultrasound occurs at the tissue boundaries. With 
perpendicular incident to a boundary, a portion of the beam is transmitted and a portion of it is 
reflected back to the probe [29, 32].
Refraction occurs in cases of non-perpendicular incidence beams where the 
direction of the transmitted sound wave on a tissue interface changes. In this case 
the frequency does not change, but the speed of sound does [29, 32].
Scattering is reflection or refraction that causes some of the echoes to diffuse in 
multiple directions due to contact with small particles (at about the size of the 
wavelength or smaller) or rough surfaces in the medium. The part of the scattering 
beam that returns back to the source (the backscattered waves) increases the 
characteristic texture and brightness changes on the acquired image and is
considered to be the main contributor to medical ultrasound imaging [29, 32, 33].
In a medium with the inhomogeneity smaller than the ultrasound wavelength, 
diffusive scattering occurs. Scattering from blood is an example of diffusive 
scattering. The liquid component of the blood, plasma, consists of red blood cells, 
white blood cells and platelets. Red blood cells account for about 45 percent of the 
blood volume in a healthy adult. White blood cells and platelets represent about 
1% and 0.2% of the blood volume respectively. Considering that red blood cells 
are the most abundant in the blood, the effect of backscattering from white blood 
cells and platelets is negligible. The shape of red blood cells is a biconcave disk 







The frequencies normally used for ultrasound imaging in clinical practice are 
between 2 to 15 MHz [30]. The wavelengths corresponding to these frequencies 
range from 0.77-PPWKHKLJKHU WKHIUHTXHQF\WKHVKRUWHU WKHZDYHOHQJWKȜ 
c/f) and are much larger than the diameter of red blood cells [30]. This results in 
diffusive scattering. 
Figure 1-10: Illustration of the scattering of the ultrasound wave in contact with a small particle 
or rough surface [29, 32].
High frequency probes produce shorter wavelengths which result in strong
specular reflections from red blood cells. It is known that higher portions of 
ultrasound waves turn straight back to the probe by means of specular reflection. 
The greater return of the ultrasound waves causes an overestimation of Doppler 
velocities (hyperechoic images) which is adjusted to the greatest extent by 
ultrasound attenuation [32].
Absorption occurs when the ultrasound energy is transformed into heat energy. In 
the presence of absorption, the sound energy is lost as it travels through tissue and 
cannot be recovered. Absorption in biological tissues appears due to the medium 
viscosity and particle relaxation time. Higher viscosity results in higher ultrasound 
absorption in the medium. Relaxation time is the time required for the particles to 




transmission of ultrasound waves. The stress exposed to the particle by the wave is 
relaxed by thermal relaxation or changing the structural states [29, 32, 33].
1.4.3 Attenuation
In practice, there is a loss of acoustic energy as waves propagate further into the 
tissue. This is known as ultrasound attenuation and is mainly caused by absorption, 
scattering, non-linear propagation, beam divergence, reflection and refraction. [29]
The attenuation coefficient which is the relative loss of beam intensity (absorbed 
or scattered) per centimetre of travel varies for different tissue characteristics. The 
ultrasound wave is highly attenuated and scattered in fat tissue, but the scattering 
decreases in watery medium. The attenuation coefficient in blood is approximately 
0.18 dB/ (MHz cm) which is low in comparison with tissues [29].
In biological tissues ultrasound attenuation is approximately proportional to 
frequency. Hence, the high frequency components of the ultrasound wave will be 
more attenuated (amplitude reduction) than the low frequency components. The 
central frequency of the backscattered ultrasound wave is decreased in comparison 
to the central frequency of the incident transmitted wave. Consequently, an 
underestimation in the Doppler velocities is expected. Furthermore, the maximal 
penetration depth of the ultrasound signals is of high importance when selecting an 
ultrasound probe and considering its central frequency [29, 32]. To evaluate 
structures such as the carotid artery, a probe with 7-12 MHz central frequency is 
required, because it is superficial and located under the muscle layer near the skin 
surface of the body. Deeper components, such as the heart can be examined by 2-5
MHz frequency probes [29, 32].
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1.5 Basic imaging principles
1.5.1 Pulse-echo imaging
Conventional ultrasound imaging uses the pulse echo-imaging principle. During 
pulse echo acquisition, the transducer excites a pulse ultrasound pressure field and 
emits pulses through the medium. The pulse waves reflect or scatter when any 
changes in the acoustic impedance of the medium occur. The backscattered signals 
moving to the probe are RF (Radio Frequency) signals [28]. These frequency 
bands can be processed to acquire images and characterize the backscattered 
signals. The time delay between the transmitted and the received RF signal is 
related to the depth (d) of the reflector based on the following equation:
݀ = ܿ ݐ2
(1-2)
Note that c is the speed of the ultrasound wave, and the constant 2 refers to the 
round-trip travel of the pulse from and to the transducer. Since the speed of sound 
in tissue is high, approximately 1540 m/s, real time ultrasound image acquisition is 
possible.
1.5.2 Transducer
Transducers are devices which excite and receive the pressure waves to and from 
the medium. The ultrasound probes are made of piezo-electric materials which are 
able to convert electrical energy to acoustic energy. The piezo-electric material 
generates an electrical signal when exposed to mechanical stress (vibration), and 
on the other hand, vibrates when the applied electrical field is changed. The 
transducer uses these two properties for the reception and transmission of 
ultrasound pressure signals for image acquisition [29, 32].
An ultrasound transducer consists of many individual rectangular piezoelectric 
elements arranged in linear or curvilinear arrays (Figure 1-11). 
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Figure 1-11: Linear and curvilinear ultrasound transducers [29].
There is a small gap between the elements of the transducer known as Kerf. The 
space between elements is filled with acoustic isolating materials to avoid cross-
talking. The distance between the centres of the transducer elements is called the 
pitch. Each ultrasound transducer has 64 to 512 rectangular elements with a width 
less than a half of the wavelength and a length in the millimetre range depending 
on the transducer type. Transducers can have up to 512 elements with widths of 
75-120 millimetres. The beam produced by such a narrow element will diverge 
rapidly after the wave travels only a few millimetres. The smaller the transducer 
face, the more divergent the beam will be. This leads to poor lateral resolution 
(section 1.8.1) and low sensitivity due to beam divergence and small element size 
[29, 34]. The solution to overcome this problem is to fire 8 to 16 adjacent elements 
simultaneously [29]. To form an ultrasound beam, a number of transducer 
elements must fire in such a way that the inner element pulses are delayed with 
respect to each other. These electronic delays assist to line up the transmitted 
pressure signals from all parts of the aperture to reach the field point concurrently; 
applying correct delays is called beam focusing. The depth of focus for the 
transmitted beams is determined by the pulsing time delays and can be changed 
during ultrasound acquisition. To obtain a dynamic beam focusing, the same delay 
Linear array Curvilinear array 
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factor can be applied for the returning pulses from the area of interest. The same 
pattern is repeated for the next set of elements with one element shifted from the 
previously used elements [29, 34].
Figure 1-12: Implementation of delay to control beam focusing and steering [34].
Figure 1-12 explains the process of beam steering and focusing in an ultrasound 
image acquisition. As it can be seen, for emitting a synchronous beam (figure top), 
all transducer elements fire simultaneously, without time delay. By using time 
delays in the electrical activation of adjacent elements, the ultrasound beam can be 
steered and focused without moving the transducer. In the focused beam (figure 
second from top) the peripheral beams have further distances to travel to the 
desired position and thus are fired earlier to maintain the same distance in that time 
period. Hence, for the focused beam the delay curve has a parabolic shape. 
Similarly, for beam steering (third from top) the first emission occurs for the 
element that is furthest to the transducer face. Therefore, the delay curve has a 










combination of steering and focusing beam, using the same delay principles [29,
34].
There are different types of multi-element transducer arrays, including linear array 
and phased array transducers (Figure 1-13). Linear array transducers consist of 256 
to 512 elements. In this type of transducer, a subset of the total number of 
elements (e.g. 20 adjacent elements) fire simultaneously to produce the ultrasound 
beam. To acquire rectangular ultrasound images a continuous emission of the 
ultrasound pulses from other groups of excited transducer elements displaced by 
one or two elements is required [29, 30].
Figure 1-13: Illustration of a linear array and phased array transducer [30].
In the case of imaging the heart, linear arrays are too large to be positioned
between ribs. Phased array probes with smaller array and larger field of view are 
suitable for cardiological investigations through the ribs. A phased-array 
transducer usually consists of 64 elements in which all elements are activated 







1.6 Echo display modes
Various methods are used to display the information obtained from ultrasound 
acquisitions. The most common imaging modes are M-mode, B-mode and color 
Doppler mode [29].
M-mode is an ultrasound imaging technique that displays echoes from a moving 
structure such as the myocardium and heart valve leaflets. In this technique, the 
anatomy only along a single scan line versus time is acquired from a stationary 
probe and is displayed in a curve with scatter depth on the vertical axis and time 
on the horizontal axis. [29]
Figure 1-14: B-mode scanning principle based on the displaying the echoes as bright dots in a 
time-base line [35].
B-mode (grayscale imaging) is the most frequently used ultrasound diagnostic tool 
for visualization and quantification of anatomical structures. B-mode imaging is a 
2D ultrasound imaging system composed of brightness modulated dots in which 
the amplitude of the reflected sounds are represented by the brightness of the dots 
(refer to Figure 1-14 and Figure 1-15). The position of dots in the time baseline is 









Figure 1-15: An example of a B-mode scanning of a normal heart in an apical 3-chamber view 
[36]. LV, left ventricle; RV, right ventricle; LA, left atrium; MV, mitral valve; AO, aorta; AOV, 
aortic valve.
Color flow imaging uses the standard ultrasound methods to produce a color-
encoded map of Doppler shifts representing the velocity and direction of the blood 
flow. The map is superimposed onto a real-time B-mode gray-scale of soft tissues 
(the myocardium or the blood vessels) (refer to Figure 1-16). 
Figure 1-16: Color flow Doppler imaging in an apical 4-chamber view of a normal heart during 












1.7 Diagnostic ultrasound imaging
The different steps for diagnostic imaging in a conventional ultrasound machine 
are represented in Figure 1-17. In this section we briefly discuss the algorithms, 
processing requirements, and challenges of the common diagnostic ultrasound 
modes, such as B-mode and color flow imaging.
The ultrasound probe emits various short ultrasound pulses with 4 to 8 cycles by 
converting the electrical signals with 2 to 10 MHZ using a piezoelectric transducer 
[30].  The transducer fires ultrasound pulses with the pulse repetition frequency 
(PRF), varying from 0.5 to 20 KHZ, based on the required time to reach the 
maximum depth of interest [28]. As it is mentioned before, the acoustic pulses 
travel through the tissue, a portion is scattered back to the transducer when any 
changes in acoustic impedance (such as tissue boundaries) are met. The received 
pulses which give information on amplitude, frequency and phase content of the 
backscattered signals are converted into RF electrical signals [28, 30].
As the acoustic waves are attenuated while passing through the medium, the 
transducer first amplifies the received signals by time gain compensation (TGC) 
(Figure 1-17a). Time gain compensation is an automated amplification applied as a 
function of time to correct the effect of acoustic attenuation by the tissue medium. 
The TGC is proportional to the depth travelled by the beam into the tissue [28, 29,
38]. Once the radio frequency signal is amplified by the TGC, it passes through an 
analog to digital converter (A/D) (Figure 1-17b) [28]. The A/D is an electronic 
device whose function is to sample the continuous signal at a high rate (typically 
between 20 to 40 MHz) in order to represent the signal in digitalized discrete time 
units. The sampling frequency, fs, represents the rate at which the digital samples 
are taken from the continuous analog signal. Then the demodulator (Figure 1-17c) 
multiplies the sampled digital radio frequency data by the cosine and sine function 
to remove the carrier frequency and recover the received signal. In-phase 
quadrature demodulation is an electronic process which after low pass filtering 
results in complex samples of the signal, referred to as IQ-signal, represented by 
I(t) + iQ(t), where I is the in-phase portion of the signal and Q is the quadrature 
49
component of the signal after demodulation [39]. There are two different steps to 
follow for blood flow estimation: wall filtering and velocity estimation [28, 30].
In blood flow applications, Doppler data is composed of two major signals: high 
frequency (around 15 KHz) low amplitude signals from blood motion and low 
frequency (less than 1 KHz) high amplitude signals from the motion of the tissue 
and blood vessel walls [40]. The higher the amplitude of the signal, the heavier the 
influence on velocity estimation [41]. The signal from wall motion is much 
stronger than the signal returned from the blood, which is undesirable for color 
Doppler imaging. In order to acquire accurate velocity estimations of blood flow, 
this unwanted clutter signal is removed using a high pass filter or clutter filter 
(Figure 1-17d) [28].
Color flow velocity estimation can be performed by phase-shift technique (Figure 
1-17e) which is one of the most common velocity estimation methods in 
conventional Doppler systems. In this technique the in-phase quadrature echo data 
is converted to phased shift from signals at a fixed depth by means of the 
autocorrelation given by the following equation [28, 30, 38],
ο߮ = arctan ቆ
σ ܳ௜(ݐ)ܫ௜ାଵ(ݐ)െ ܫ௜(ݐ)ܳ௜ାଵ(ݐ)ே೎ିଵ௜ୀଵ
σ ܫ௜(ݐ)ܫ௜ାଵ(ݐ) െ ܳ௜(ݐ)ܳ௜ାଵ(ݐ)ே೎ିଵ௜ୀଵ
ቇ (1.3)
where, ௖ܰ is the total number of sequential pulses for a particular range of pulses, i 
and i+1 represent a particular scan-line and the subsequent one at the same 
position. This calculation is repeated for all sampled points taken in the axial and 
lateral directions to obtain a 2D image of phase shift for each frame. The velocity 
of a sample volume, such as blood, with respect to the beam direction is calculated 
by the following equation [28, 30]:








































































































































The information given in the complex IQ-signal can also be used for echo 
processing to provide real time imaging of the various tissue structures in the body 
and acquire anatomical B-mode images (Figure 1-17f). The brightness or intensity 
pixel data in B-mode gray scale images can be obtained by constructing the 
envelope of the RF signal using the complex IQ-signals. The following equation 
[28] shows the magnitude of the in-phase and quadrature data, the signal envelope, 
for gray scale representation,
ܤ(ݐ) = ඥܫ(ݐ)ଶ + ܳ(ݐ)ଶ (1-5)
The data is then compressed logarithmically to convert the signal, B(t), from the 
sampling range to a small dynamic range proportional to the logarithm of the 
original input signal [28].
There are different techniques to improve image quality. Edge-enhancement 
(Figure 1-17g) is used to enhance the different tissue boundaries although it 
increases noise in the image. Various methods of noise reduction exist which vary 
from system to system [28]. In cardiac application, the next step after obtaining 
and processing color Doppler or B-mode images, is to transform and superimpose 
the polar coordinate data onto a sector scan in a 2D Cartesian image by means of a 
process called scan conversion (Figure 1-17h). Scan conversion is essential in 
order to display images in a format compatible with video display monitors. 
1.8 Image quality
The main sources of artifact and distortion in ultrasound image acquisitions
include equipment variables selected by the operator such as transducer frequency, 
PRF, ultrasound intensity and TGC [33]. Image quality can be measured by 
calculating the spatial resolution, contrast resolution and image noise. These image 
artifacts act to degrade the quality of the ultrasound image [29].
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1.8.1 Spatial resolution
Spatial resolution is composed of three different components: axial, lateral and 
elevational resolution. The axial resolution also known as longitudinal resolution 
is the minimum separation distance required between two scatters in the direction 
of the beam to produce separate echoes in an image. The axial resolution is 
dependent on the pulse length; the shorter the pulse length, the better the axial 
resolution. For instance, if the distance between the two scatters is bigger than one 
half of the pulse length, the received echoes from the medium will be clear and 
without overlap [29, 32]. The resolution in the lateral and elevational direction is 
dependent on the beam width in and out of the imaging plane, reflector depth and 
beam focusing [29, 32]. The overall image resolution can be specified by the point 
spread function (PSF), which is the image response of a small infinite point 
reflector. In real systems, the image of the point scatter is blurred and the degree of 
blurring is a measure of the quality of the imaging system [33].
1.8.2 Contrast resolution and signal-to-noise ratio
Noise is generally generated by the transducer, the electronic amplifier and the 
random nature of the background medium. As previously discussed, the TGC is an 
essential process that compensates for the depth attenuation in Doppler ultrasound 
imaging. On the other hand, applying TGC as an amplification process, results in 
an increase in image noise. Although some image processing solutions may 
increase the contrast resolution of ultrasound images, they also decrease the frame 
rate and the spatial resolution. The image contrast reflects the specific differences 
in echo amplitudes. The level of echo amplification is inversely proportional to the 
transmit gain; the lower the operation power (the transmit gain), the higher the 
required signal amplification. Hence, a weak signal amplitude from the medium 
results in a reduction in the image contrast resolution [29].
As previously discussed, the received signal is depth dependent due to the 
attenuation. The signal-to-noise (SNR) ratio which characterizes the quality of the 
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signal’s strength relative to the background noise is also depth dependent. SNR 
can be calculated by the following formula, 
ܴܵܰ =  ܴ݁ܿ݁݅ݒ݁݀ ݏ݈݅݃݊ܽ ݌݋ݓ݁ݎܰ݋݅ݏ݁ ݌݋ݓ݁ݎ
(1-6)
High quality ultrasound images require a high SNR; the higher the SNR is, the 
better, as less background noise is received.
1.8.3 Aliasing
Aliasing appears when the sampling rate is inadequate to provide clear detection of 
phase changes without ambiguity. The criterion for the maximum velocity limit is 
related to the Nyquist theorem, stating that the sampling frequency should be at 
least two times the highest frequency given in the signal [38]. The maximum 





where PRF is the pulse repetition frequency, c is the speed of sound and ௠݂௔௫ is 
the maximum Doppler shift. 
The time interval between two consecutive pulses must be sufficient for the first 
pulse to reach the reflector and return back to the transducer earlier than the 
second pulse is transmitted [29]. If the second pulse is emitted prior to arrival of 
the first one, the ultrasound machine cannot distinguish between the reflected 
echoes from both transmitted pulses and causes aliasing. Hence, aliasing occurs 
when a low pulse repetition frequency is set for low velocity examination such as 
in the case of venous flow. Also, low velocity components may not be detectable 
by selecting a high PRF in high velocity investigation [27, 29].
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CHAPTER 2 BACKGROUND AND OBJECTIVES
2.1 Literature review
2.1.1 Vortex and vorticity definition
Vortex is the swirling motion of flow around its centre. In this section the origin of 
the vortex and its formation process in terms of vortex dynamics will be discussed. 
Then formation of vortices at the edge of the left heart valve leaflet will be briefly
described. At the end, the vorticity definition will be explained. In order to identify 
the origin of vortices, obtaining some knowledge on boundary layer theory in fluid 
dynamics is required. It is known that in the presence of viscosity, flow close to 
the boundary has zero relative velocity. The region where flow velocity rapidly 
increases from zero, at the solid wall, to a value comparable to the outer flow 
velocity, is called the boundary layer. The vortex formation starts with the 
boundary layer separation phase. Boundary layer separation from the wall occurs 
due to the local deceleration of the flow or in other terms due to the presence of 
adverse pressure gradient in the direction of the flow. The flow deceleration or 
adverse pressure gradient is most often caused by a change in the geometry. A 
sharp edge which can be found at the tip of a cardiac valve is an extreme case of 
geometric change. When flow decelerates at a specific location e.g. a sharp edge, 
the boundary layer decelerates as well and increases its thickness at the same 
location (Figure 2-1a). This local thick boundary layer is finally lifted and 
transported downstream by the outer flow (see arrows in Figure 2-1b). Then, a 
secondary boundary layer with the opposite rotating direction starts to grow away 
from the solid wall and cuts the original boundary layer with its backward motion 
(Figure 2-1c). Thus, the separated clockwise vortex detaches the boundary layer 
and enters the external flow as an independent vortex [42]. Boundary layers can 
also be explained by the shear layer also called vortex layer. The basic concept of 
any shear layer is the velocity difference between its two sides. So, boundary layer 
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is a vortex layer adjacent to the wall that is generated due to the velocity difference 
between the outer flow and the fluid attached to the wall. The part of the shear 
layer away from the wall detaches and moves with a speed higher than the layers 
closest to the wall. Then the separated shear layer rolls up and forms an isolated 
vortex behind the sharp edge [42]. For instance, on the trailing edge of heart 
valves, where the deceleration of flow is local, the boundary layer separation 
localizes as well and the incidental vortex develops at the sharp edge and leaves 
the anatomical structure tangentially [42-44]. In other words, the aforementioned 
boundary layer is a vortex layer close to the wall that is generated because of the 
velocity difference between the outer flow and the near-wall flow. This vortex 
layer is also known as shear layer [42]. During the LV diastole, the shear layer 
between the high-speed mitral jet and the surrounding still fluid rolls up into a 
spiral shape and forms an isolated intra-ventricular vortex [45].
Figure 2-1: The boundary layer separation leading to the vortex formation. Dark and light colors 





The tendency of the fluid’s particles to spin can be described by a fundamental 
quantity called vorticity. The vorticity represents the intensity of the vortex and the 
local rotation rate of the fluid’s elements. The vorticity, ߱(ݐ, ݔ), is a vector field 
defined as the curl of the velocity field ݑ(ݐ, ݔ).
߱(ݐ, ݔ) = ׏ × ݑ (2-1)
Vorticity (the curl of the velocity field) is normally measured by its circulation, 
indicated by Ȟ. The circulation of the vortex is defined as the line integral of the 
fluid velocity within a closed area surrounding a vortex. It is also tantamount to 
the sum of all vorticities within the circulatory motion area. The vortex with a 
small circulatory motion area and/or a high circulation has a higher vorticity. 
2.1.2 Vortex formation during diastolic filling
At the oncoming of diastolic filling, the major flow pattern is the mitral inflow 
starting jet surrounded by two counter rotating spinning areas (Figure 2-2). The 
mitral filling jet ejected from the left atrium to the left ventricle feed a large 
diastolic vortex close to the anterior mitral valve leaflet and a small one near the 
posterior leaflet. Figure 2-2 illustrates the existence of these vortices around the 
mitral jet flow during early and late diastole. In a normal left ventricle, the viscous 
friction between blood flow and the left ventricle wall interferes with vortex 
formation and changes in the symmetrical shape of the vortices [1, 46]. During 
mid-diastole, the asymmetric vortex at the distal end of the anterior mitral valve 
leaflet grows in size while still being attached to the transmitral flow. During late 
diastole, this large vortical structure detaches from the transmitral jet and swirls in 
the direction of natural flow [47, 48].
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Figure 2-2: Blood flow directions, streamlines, and circulating regions (vortices) in a healthy left 
ventricle during early (left) and late (right) diastole acquired by Echo-PIV are shown. The kinetic 
energy of the streamlines is represented by colors. The large anterior and smaller posterior mitral 
vortices are present on sides of the mitral inflow jet during diastole [49].
Figure 2-3 shows a blood velocity map of a normal left ventricle during both 
diastole and systole overlaid on the corresponding anatomical B-mode image [47].
The fluid dynamics of the left ventricle filling reveals that the inflow from the 
mitral valve to the left ventricle attains a maximum velocity of around 1 m/s after 
a short travelling distance of a few centimeters. The blood that entered must turn 
around following the sinuous curvature of the healthy heart and exit the left 
ventricle through the aortic valve in a fraction of a second while keeping its initial 
velocity. As a consequence, a swirling pattern (transmitral vortex) during the 
diastole phase of the cardiac cycle within the left ventricle is required to redirect 
blood flow towards the aorta [50]. As it can be seen in Figure 2-3, the mitral 
swirling pattern could still survive during the early stages of ventricular systole 
and redirects blood towards the aortic valve while it perishes shortly after systole 
at the outset of the isovolumic relaxation phase. In this figure the vectors show the 
Early diastole Late diastole
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magnitude and the direction of blood flow velocity. The velocity range is indicated 
by the colour bar at the right. 
Figure 2-3: The blood velocity mapping of a normal LV during diastole and systole overlaid on 
the corresponding anatomical B-mode image [47].
In the normal heart, a large part of the left ventricular blood volume is actually 
involved in vortex formation. The transmitral vortex acts as a source of 
mechanical energy and ensures the flow transition to ejection which makes systole 
tightly coupled with diastole [16, 51]. Recent numerical in vitro and in vivo
observations suggest that this diastolic swirling pattern minimizes fluid energy 
dissipation and optimizes the myocardial pumping efficiency of the left ventricle 
[1, 2]. The presence of the mitral vortex allows rinsing of the endocardial surface 
during systole and avoids blood stagnation and thrombus formation within the left 
ventricle [52]. In addition, the mitral flow during diastole generates an apical 
diastolic suction force which maximizes the amount of blood entering the left 
ventricle and increases the recoiling force at the mitral annulus[48]. Moreover, the 
anatomical properties of the left atrium and the asymmetric nature of the mitral 
valve leaflets contributes to the asymmetry of the flow pattern and consequently to 
the fluid energy dissipation [50]. The mitral orifice eccentricity is an effective 
parameter in blood flow asymmetric circulation in the LV and also in the 
ventricular pumping efficiency [2]. The transmitral vortex formation in a normal 
Early diastole Late diastole Systole
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heart keeps the mitral valve leaflets closer to the LV posterior wall and helps blood 
flow automatic ejection during the systolic phase. For instance, if the mitral orifice 
is more centrally oriented, energy dissipation will increase because blood flow will 
not be favourable for ejection from the LV inflow to the outflow at the end of the 
diastole phase [42]. This may result in a significant increase in cardiac work and 
oxygen demand. 
2.1.3 Effect of left ventricle diseases on vortex formation
Vortices that form during diastole have specific time varying positions, 
geometries, and swirling strengths, known as vorticities [47]. The presence of any 
specific changes in LV shape or contractile capacity, called ventricular 
remodeling, results in an abnormal intra-ventricular blood flow pattern [47, 53-59]
that is less efficient in blood transportation through the heart cavities [60, 61] and 
may accordingly lead to the progression of heart failure [48]. In addition, the 
correct formation of the cardiac vortex is highly dependent on the balance between 
the endocardium wall motion and the blood flow. Any alterations in this natural 
arrangement may disturb the flow and affect the geometry of the diastolic vortices 
[62].
For instance, dilated cardiomyopathy (DCM) is a cardiac muscle disorder in which 
the left ventricular muscles start to stretch and become thinner following by an 
enlarged and rounded LV chamber. In higher levels of the disease, other heart 
chambers, the right ventricle and the atria, are also affected. This enlargement 
prevents the heart from contracting normally and pumping blood efficiently to the 
body tissues and organs. In patients with dilated cardiomyopathy, due to 
ventricular enlargement, the flow entering the LV during diastole is directed 
towards the free wall and generates a well-developed symmetrical swirling flow 
which rotates and moves towards the aortic valve [49]. In DCM, the posterior part 
of the vortex is far from the wall and decays at a lower speed than in the normal 
LV. Hence, the loss of symmetry of the transmitral vortex is delayed due to 
decreased blood-wall interactions in the left ventricle during diastole [47, 63, 64].
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Therefore, the mitral vortex does not lose its symmetry during diastole and the 
vortex shape is more spherical and symmetric compared to its elliptical and 
asymmetric shape in normal subjects [50]. Also in these patients, the blood flow 
pattern at the vicinity of the aortic valve at the end of diastole is more 
perpendicular to the LV outflow tract than in normal subjects, which can roll up 
into vortices. This shortens the pathway of intra-ventricular flow and better orients 
the flow towards the aorta [49, 65]. Simulated models of DCM revealed the 
presence of a delay in vortex detachment from the mitral valve leaflets followed 
by a reduction in the blood propagation velocity. In addition, a longer stagnation is 
observed near the apex of a dilated LV which might be a consequence of the left 
ventricular apical thrombosis formation [66]. Also, in left ventricular dysfunction, 
the diastolic vortex appears persistent at the middle of the left ventricle during 
both diastolic and systolic periods and is not dispersed or fully ejected during 
systole [45, 50]. Recent studies have shown that not only does the anatomical 
location and shape of the transmitral swirling pattern vary, but also its power 
(strength and circulation) is decreased in abnormal LV function such as DCM 
[45]. The transmitral vortex acts as an energy-conserving structure which stores 
16±8% of its kinetic energy during the entire diastole phase and converts it to the 
kinetic energy of the outflow during systole to ensure favourable ejection in a 
normal LV [67]. In dilated ventricles, the amount of conserved mechanical energy 
during diastole is reduced (of about 5%) compare to the normal LV [42, 60].
Examples of the 2D color Doppler blood velocity mapping of normal, dilated, and 
severely dilated left ventricles in 3-chamber view are shown in Figure 2-4.
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Figure 2-4: 2D color Doppler blood velocity mapping of 3 different left ventricles (normal, 
dilated and severely dilated subjects) in apical long-axis view. The arrows show the direction of the 
vortices. Black lines are streamlines and the color shades represent the magnitude of the velocity as 
shown in the color bar [47].
As it is already mentioned, any structural or functional changes in the left ventricle 
affect the intra-ventricular flow pattern as well as transmitral vortex formation 
[52]. Hypertrophic cardiomyopathy (HCM) is another heart muscle disease in 
which the ventricular walls thicken, especially the intra-ventricular septum. In 
patients with HCM, The papillary muscles move the entire mitral apparatus 
towards the LV outflow tract which may reverse the rotational direction of the 
diastolic vortex and produce an obstruction at the aortic valve as well as disturb 
the natural propulsion of blood during systole [42, 49, 68, 69].
The natural swirling flow that occurs in a normal left ventricle during LV filling 
contains only one clockwise asymmetric vortex which is optimized in terms of 
fluid energy dissipation. In vivo findings also revealed the formation of additional 
retrograde (counter-rotating with respect to the natural flow circulation) vortices in 
the presence of cardiac disorders, such as DCM or HCM [63]. Moreover, the size 
and strength of the aforementioned abnormal apical vortex increases with respect 
to the progression and severity of the cardiac disease [47, 63]. Formation of these 
abnormal vortices is associated with higher fluid energy dissipation, which may 
result in a significant increase in the physical work of the cardiac muscles and 
oxygen demand and in turn a reduction in the cardiac pumping efficiency [2, 47,
70, 71].
Normal heart Dilated heart Severely dilated heart
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2.1.3.1 Mitral and apical vortices: good or bad vortices 
The normal heart cycle is made up of a first pulse (early filling phase considered in 
this study), a second filling pulse (the atrial contraction which is the extra blood 
inflow from atrium and accounts for 25% of ventricular filling), followed by the 
flow ejection during systolic contraction. Within the left ventricle of a normal
heart, the entering flow through the eccentric mitral orifice during early filling 
develops a large vortical structure behind the longer mitral leaflet and a smaller 
vortex on the opposite side behind the shorter valvular leaflet [72]. These vortical 
structures may deform rapidly during filling phase depending on the shape and 
size of the mitral leaflets. In long-axis 3-chamber view, the larger vortex is easily
detectable and the one closer to the smaller leaflet is not immediately visible 
although it is always present [72]. In this research study, the major circulation 
pattern close to the longer leaflet is called mitral vortex. The mitral vortex 
facilitates the blood flow ejection to the left ventricle outflow tract and avoids the 
fluid stagnation at the cavity apex that could have quite serious consequences such 
as thrombus formation. Since it contributes to the natural inflow of blood towards 
the outflow tract, we will also refer to it as the “good” vortex. The small counter-
rotating vortex (smaller one) that appears adjacent to the posterior mitral valve 
leaflet is considered as a normal vortex and will not be studied in this research 
project.
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Figure 2-5: Vortex formation in the left ventricle. An apical vortex appears in patients with 
diastolic dysfunction. MV, mitral valve; AV, aortic valve.
The presence of a single, large and steady mitral vortex during early diastole is a 
favourable condition in terms of energy conservation, while premature splitting of 
the vortex into smaller unstable vortices causes excessive impacts and 
overpressure on the LV walls [62, 73, 74]. In patients with cardiac disease, it 
seems that the mitral vortex is not alone; an additional vortex may also be present 
at the apex as clearly shown in Figure 2-5. Due to fluid mass conservation, this 
apical vortex swirls in the opposite direction to the natural route. Since it adversely 
affects the natural circulation of intra-ventricular blood, decreasing the ventricular 
contractile efficiency and dissipating the stored energy, the apical vortex can be 
termed the “bad” vortex.
2.1.4 Diagnostic tools for vortex imaging
Formation of large swirling regions in heart cavities remains a challenging aspect 
of fluid dynamics. The natural vortices in the LV conserve the momentum of 
moving blood and prevent sudden flow deceleration due to viscous friction on the 










during the cardiac cycle. Through these mechanisms, the intra-ventricular flow 
fields affect the cardiac pumping efficiency. These swirling vortices that form in 
the left ventricle during diastolic filling can be determinants and indicators of heart 
diastolic function. Detection and quantification of such flow structures as well as 
accurate imaging and understanding of intra-cavitary blood flow patterns are of 
utmost clinical importance and can guide  the selection of appropriate therapy to 
the patients as fast as possible and stop (or at least slow down) the development of 
new cardiomyopathies. However, the cardiac diagnosis process has been very 
challenging since history. Limitations of clinical technology constrain the reliable 
mapping of the spatial and temporal details of the flow dynamics inside the LV. 
Physical examination, ECG and chest X-ray are unhelpful for the assessment of 
intra-ventricular blood flow [75, 76]. Several invasive catheter-derived parameters 
characterize intrinsic LV diastolic properties accurately, but they cannot be easily 
used or repeated in daily clinical or research practice [77]. Current available non-
invasive non-ionizing flow quantification techniques and tools for both clinical 
and experimental applications are explained in this section. 
2.1.4.1 Vortex formation time (VFT)
Vortex formation time (VFT) is a non-dimensional index that characterizes the 
optimal conditions leading to vortex formation [78]. VFT is adapted to the LV 
filling situation and has been shown to be a single index to distinguish different 
grades of diastolic dysfunction [42, 79]. VFT is known to be an index of cardiac 
function which can be easily calculated with a low cost [42]. VFT is defined by 
length to diameter ratio (L/D) of the fluid column in which D represents the mitral 
valve diameter and L represents the time-averaged inflow velocity through the
valve times duration of fluid ejection [79]. VFT also represents a surrogate 
parameter that is calculated from standard echographic measures such as stroke 
volume, duration of the E wave and mitral valve diameter [79, 80]. It can be 
calculated by the equation derived by Gharib et al. [79].
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In this equation ߚ is a fraction of the stroke volume and can be computed from 
Doppler spectra of the E- and A- (early and late filling) waves. ߙ is a non-
dimensional index of the LV geometry which can be determined by ߙ = ா஽௏
భ యΤ
஽ ,
where EDV is the end diastolic volume in ܿ݉ଷ (or mL), and D is the mitral valve 
diameter in cm. The mitral diameter can be estimated by obtaining the average of 
the largest orifice diameter in 2, 3, and 4- chamber views. 
Considering that ܧܨ = ௌ௏ா஽௏ and replacing ߙ in the aforementioned equation for 
VFT results in the following equation:
ܸܨܶ =  4(1െ ߚ)ߨܦଷ × ܸܵ
(2-3)
ߚ in a normal heart at rest is equal to 0.2 [79]. Therefore, the left ventricle VFT 
under a normal condition can be calculated as ܸܨܶ ൎ  ߙଷ.ܧܨ which is highly 
dependent on the EF and the LV geometry parameters. For a normal range of EF 
(= 0.65), VFT increases with ߙ that ranges between 1.7 to 2 based on the normal 
left ventricle EDV and the average mitral valve diameter [79, 81]. During the early 
phase of diastole the mitral vortex continues to increase its size until VFT reaches 
an optimal value in the range of 3.3 < VFT < 5.5 [79]. This range determines 
optimal conditions for vortex formation within a normal LV and fully corroborates 
the VFT values in previous in vitro studies [79, 82, 83].  Out of this range, when 
the early diastole is completed, the mitral vortex stops growing larger and is 
pinched off from the starting mitral inflow jet and is also limited in its duration 
[84].
Previous studies have shown that the vortex formation time index can be affected 
by certain clinical conditions, such as DCM, placement of artificial heart valves, 
elevation of afterload and acute myocardial infarction which alter the LV 
geometry parameter (ߙ) and/ or its function (EF) [79]. In patients with DCM, the 
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left ventricle ejection fraction is reduced to 0.3 and results in a significant drop in 
VFT from its optimal value to the range 1.5 to 2.5 [79]. In patients with mitral 
valve stenosis, a smaller mitral valve diameter leads to an increase in LV geometry 
parameter (ߙ) followed by a significant elevation in VFT of up to an order of 
magnitude [78, 79]. Recent clinical studies have shown that a brief increase in LV 
afterload may downshift the VFT as a multifactorial parameter which reflects the 
LV functional performance in blood transportation processes into the values out of 
its optimal range [52, 70, 80, 85, 86]. In patients with high LV afterload (the 
required pressure for blood ejection out of the LV during systole), diastolic and 
systolic function are impaired and also the flow pattern and intra-ventricular 
vortices within the LV during diastole is altered followed by a decrease in cardiac 
output and transmitral flow efficiency [70, 87, 88]. VFT has shown a good relation 
with myocardial infarction size indicating the degree of diastolic dysfunction with 
the progression of the myocardial damage. Acute myocardial infarcted patients 
with large infarct size have significantly lower VFT than the optimal value [80].
Recent clinical studies in acute cardiomyopathy have shown that vortex formation 
time is reduced with impaired relaxation [52, 70, 80, 85, 86].
Whether the VFT as a dimensionless, non-invasive index to characterize the 
efficiency of intra-cardiac blood transportation is clinically of great interest is still 
questionable. In addition, the sensitivity of this index which is calculated based on 
the stroke volume on diameter cubed ratio, to error measurements is unknown. 
2.1.4.2 Phased contrast magnetic resonance imaging (PCMRI)
Phase contrast magnetic resonance imaging (PCMRI) is the gold standard for 
direct quantitative blood flow assessment [89-91]. A thorough study of cardiac 
flow in both normal and abnormal conditions can be performed through PCMRI 
[24, 25, 65]. This technique has been used for over 10 years to provide time-
resolved 3D blood velocity maps in curved or branched blood vessels and also in 
heart cavities. However, because of the cost and complexity of this technique, a 
comprehensive clinical characterization of intra-ventricular flow dynamics in 
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different levels of cardiac disease has not yet been performed. PCMRI is combined 
with ECG and respiratory gating to obtain better quality images with higher spatial 
and temporal resolutions for full intra-cardiac flow mapping in several heart beats 
[24, 25, 49, 65, 92-94]. In addition, the acquisition time using PCMRI is 
dependent on different parameters: size and location of the interested region, the 
spatial and temporal resolution and respiration pattern [24]. Moreover, PCMRI is 
time-consuming and cannot be performed safely on patients with implanted 
pacemakers. [47, 49, 63, 93, 95]
A typical example of pathlines through the left ventricle at early diastole inflow 
starting from the mitral valve position by means of phase contrast magnetic 
resonance imaging is shown in Figure 2-6.
Figure 2-6: Phase contrast MRI at the time of early diastole inflow in a normal heart. In a 2D 
plane, blood moves forward into the left ventricle and when it reaches the apex it makes a smooth 
turn into the outflow tract [93].
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2.1.4.3 Color Doppler echocardiography
Color-Doppler cannot detect velocity components orthogonal to the direction of 
the scan-lines. The data is therefore a 1D component representation of a 2D flow 
and it provides insufficient information for proper quantification of blood 
dynamic. For example, acquisitions of the carotid artery must be taken at the 
surface of the neck, almost perpendicular to the vessel; therefore the majority of 
the velocity information goes undetected and the Doppler angle remains unknown.
Angle-dependency of intra-ventricular ultrasound imaging also constrains the 
assessment of diastolic filling and spatial characterization of flow patterns within 
the ventricle [70].
2.1.4.3.1 Crossed-beam vector Doppler ultrasound
Cross-beam vector Doppler ultrasound [96-99] provides two components of flow 
velocity from color Doppler ultrasound. The true flow vectors in this method can 
be obtained by combining Doppler measurements taken at a fixed region of 
interest from multiple independent directions. This can be performed by means of 
either multiple probes arranged in different positions or a single probe moved 
through different positions. The first implementation of crossed-beam vector 
Doppler technique was proposed by Fox et al. In this tactic, an array of three 
transducers (two transmitters and one receiver) which focused on the same region 
of interest with different beam angles, was used to combine the axial and radial 
velocities in order to estimate true flow vectors [49, 100]. In all crossed-beam 
vector Doppler techniques, at least two overlapping beams along different 
directions are required to accurately estimate the velocity vectors. Arigovindan et 
al. has also proposed a novel technique in which the measurements from different 
beam directions are combined to reconstruct vector flow from conventional 2D
echocardiography. The results for blood flow field in the carotid bifurcation using 
Arigovindan et al. method is represented in Figure 2-7. The Doppler data 
acquisitions were performed in three different insonification angles (Į ÛÛ
Û) with an ultrasound transducer placed in a fixed position. The visualization of 
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the corresponding reconstructed flow field across the vessels before and after the 
bifurcation is represented in Figure 2-8.
Figure 2-7: Blood flow distribution in carotid bifurcation acquired by Doppler with a fixed probe 
SRVLWLRQLQWKUHHGLIIHUHQWEHDPDQJOHVĮ ÛÛÛ[101].
It is worth mentioning that the cross-beam ultrasound imaging method proposed 
by Arigovindan et al. works well in vascular applications, [101, 102] but it is not 
adapted to cardiac imaging  as it requires two measurements with a significant 
angle difference (ideally > 10°) in order to obtain the true flow velocity vectors 
[98].
Figure 2-8: Reconstructed flow field in the carotid bifurcation [101].
Į  ÛĮ  Û Į  Û
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2.1.4.3.2 Echo particle image velocimetry
Ultrasound-based PIV, known as echo-PIV [45, 62, 103-108], is another 
echographic technique for comprehensive intra-ventricular flow visualization and 
velocity mapping. Combining ultrasound echographic techniques with optical 
particle image velocimetry (PIV) provides a non-invasive, two dimensional 
velocity measurements within opaque structures such as blood vessels and heart 
cavities. Particle image velocimetry [109, 110] is a velocity mapping technique 
utilizing optical imaging in which the flow is seeded with tracer particles that 
follow the flow dynamics. The particle-seeded flow is illuminated with a light 
beam generated by a pulsed laser system. Then a camera captures each light pulse 
in separate image frames. The particles are tracked in different consecutive frames 
and the displacement data are converted to velocity field by knowing the small 
time-frame between laser pulses.  The PIV technique tracks the patterns produced 
by groups of seeded particles rather than individual particles [49]. The application 
of PIV has recently been extended to ultrasound imaging [50]. Echo-PIV (refer to 
Figure 2-9) technique is based on PIV in two-dimensional B-mode frames 
obtained by tracking the ultrasound back scattered signal from the injected contrast 
agent microbubbles in the imaging sequence [48]. The velocity displacement 
vectors are calculated by splitting the frames into a large number of small 
rectangular subsections called interrogation areas. The interrogation areas from 
two consecutive frames are cross correlated with each other, to find the distance 
that the particle pattern has moved during the time separation between consecutive 
images. The theory behind cross correlation algorithms is to find an average 
spatial shift of particles from one interrogation window in one frame to its 
counterpart in the next frame. It finds the best match (or maximal correlation) for 
shifted particle patterns in the interrogation windows using statistical methods 
[48]. To translate that into a velocity measure, this displacement should be divided 
by the inter-image time [48].
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Figure 2-9: Schematic of echo-PIV technique. Contrast agents are seeded into the flow as tracers. 
Displacement of the particles position and also the velocity vectors can be determined by analyzing 
two consecutive B-mode images with PIV algorithm. The B-mode images are acquired by 
ultrasound imaging system [111].
The spatial resolution of echo-PIV acquisition is about five times lower than 
optical PIV. In addition, its slow image acquisition rate provides a low temporal 
resolution compared to optical PIV. Although, echo-PIV has the inclination to 
underestimate velocities greater than a specific range due to its low temporal 
resolution, it is capable of properly evaluating flow directions, streamlines and
swirling vortex flows [50].
Echo-PIV has been validated for the assessment of the ventricular flow by 
comparison with laboratory-accurate velocity measurements in an experimental 
left ventricular model [50, 107]. In addition, its clinical applicability was evaluated 
in patients with DCM and bioprosthetic mitral valve versus normal subjects [50].
Echo-PIV has recently been used to assess the feasibility of swirling flow analysis 
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and to quantify the vortices inside the LV of patients with dilated cardiomyopathy 
[45]. Echo-PIV has also allowed researchers to evaluate the real time 
hemodynamic alterations during surgical procedures [112]. In vitro
experimentations and in vivo studies involving a small sample size of patient data 
has showed that 2D echo-PIV is an effective technique for deriving velocity 
information and can give light for unraveling the underlying physiological flow 
conditions [45, 107].
However, Echo-PIV requires a continuous intravenous injection of contrast agent 
to reach an image quality compatible with the speckle tracking algorithm [113].
The injected contrast agent (bubbles) must homogeneously fill the heart cavities to 
prevent saturation and bubble aggregation during flow imaging, especially 
swirling flow acquisitions [114]. Due to the unstable property of bubble aggregates 
in the LV, a complex fine tuning of contrast infusion before image acquisition is 
required which seriously limits the application of echo-PIV in  clinical practice 
[114]. Other limitations of echo-PIV are mostly related to the draw backs of 
ultrasound imaging technology [49].  For instance, the accuracy of echo-PIV 
depends on the frame rate of the ultrasound image acquisitions [48] ; the time 
interval between two consecutive frames must be short for optimal cross 
correlation [49]. In echo-PIV, the minimum required frame rate to prevent 
underestimation of the higher velocities is around 60 to 100 frames per second 
(higher than the heart rate) [49]. However, faster acquisition frame rates, higher 
than 150 frames per second, for transient flow imaging during isovolumetric 
contraction phase are necessary [49]. Achieving the highest possible frame rate is 
strongly dependent on the beam width covering the entire region of interest, 
imaging depth and spatial and temporal resolution [23]. The desired high frame 
rate can be obtained by reducing the sector angle [107] as well as the image depth 
which produces constraints on 2D echo-PIV image acquisition [49]. The spatial 
resolution obtained by the echo-PIV technique is lower than required  [50] and  
with the limitation on the interrogation window size,  the echo-PIV image is 
confined to a small sector size [63]. The temporal resolution of the echo-PIV 
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image seems sufficient for cardiac flow imaging, but it requires important 
considerations [48, 95]. Due to the frame rate and the interrogation window size 
limitations, echo-PIV measures only the confined range of velocities which are 
lower than 60 cm/s [45, 95]. Recent applications of echo-PIV have shown that for 
a sector angle of 45°, the highest achievable temporal resolution and spatial 
resolution are 4 ms and about 4 mm respectively [49].
2.1.4.3.3 Uejima’s method
The vector flow mapping technique, also called echo-dynamography, was 
developed by Ohtsuki and Tanaka [115] for the measurement of two dimensional 
blood velocity vectors using conventional color Doppler ultrasound imaging. It 
assumes that blood flow is composed of a single laminar flow and various rotating 
flow components. VFM estimates flow vectors in both basic and vortex flows and 
sums all vectors into a velocity field. In this technique, the velocities perpendicular 
to the scan plane are assumed to be zero. In the VFM method, the angular
velocities are deduced within the entire Doppler field by means of the stream 
function theory applied to the two dimensional flow. The direction of the base 
flow vectors can be computed by means of the flow function proposed by the 
authors. The flow velocity distribution is generated by composing two components 
of velocity: measured radial and estimated transversal velocities. Figure 2-10
represents an example of flow velocity vectors within the left ventricle of a patient 
obtained by VFM technique. 
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Figure 2-10: An example of vector flow mapping. The flow velocity vectors are superimposed 
on the color Doppler images. The velocity field at a single point is represented by red dots and the 
yellow arrows [49]. AV, aortic valve; LA, left atrium; LV, left ventricle.
VFM is based on color Doppler echocardiography and is easy to implement 
without requiring any injection of contrast agents. VFM is a convenient flow 
quantification technique for routine clinical applications [95]. Preliminary studies 
showed promising results regarding the feasibility of LV vortex quantification in 
patients by VFM [116-120]. The accuracy of  velocity estimation with the VFM 
technique was also tested using a 3D numerical flow model [95].
2.1.4.3.4 Garcia’s method
A novel technique to construct two dimensional, time-resolved (2D+ t) velocity 
fields within the LV using conventional color Doppler flow imaging was recently 
developed by Garcia et al [63]. It is known that the azimuthal velocities (velocities 
perpendicular to the scan-line) cannot be calculated with ultrasound devices. 
However, the radial component of blood velocity can be measured by setting a 
polar coordinate system centered at the transducer position (cone of the ultrasound
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beam). In this technique the through-plane mass flux in the third dimension is 
considered to be zero which facilitates the estimation of the cross-beam velocity 
component from color Doppler ultrasound images. These velocity components at 
different instances of the heart cycle can be estimated by means of the 2D 
continuity equation. The continuity equation simply relates the radial and 
azimuthal velocity components and can be solved using the boundary conditions.
The azimuthal velocity components at the anterior and posterior ventricular walls 
are determined by means of the B-mode tracking algorithm and are used as the 
boundary conditions for the continuity equation. The availability of these 
boundary conditions guarantees the solution of the continuity equation in the polar 
coordinate. Integrating the continuity equation from both anterior and posterior LV 
walls separately provides two different estimations for the cross-beam velocity 
components. Combining the two integrals using an optimization procedure reduces 
the associated error to the 2D planar simplification in the cross-beam velocity 
component estimation. The 2D+t velocity field can finally be obtained by means 
of the measured radial velocities and the estimated azimuthal velocities. Such 
2D+t color Doppler blood velocity maps of the LV apical 3-chamber view can be 
superimposed on the anatomical B-mode images to facilitate the visual and 
quantitative assessment of the intra-ventricular flow. The continuity equation is 
then solved for each ultrasound frame independently which makes the 
reconstruction algorithm insensitive to the time resolution of the ultrasound image 
acquisition. The different steps of the numerical process to reconstruct the 
azimuthal velocities by the Garcia’s method are illustrated in Figure 2-11. Also 
some examples of ventricular blood flow mapping by means of Garcia’s method in 
normal, hypertrophied, dilated subjects are presented in Figure 2-12.
The time resolution of the acquisitions covering the entire LV was approximately 
30 frames per cycle with the radial and azimuthal resolutions of 0.5 mm and 0.02 
radians respectively [48]. In order to improve temporal resolution (over 200 
frames per cycle), all frames in the cardiac cycle over multiple cycles are decoded 
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and merged as a single constructed cycle knowing the offset of each Doppler 
frame to ECG signal features.



















To validate the method, Garcia et al. carried out simultaneously 2D+t color 
Doppler and optical PIV measurements in an atrio-ventricular duplicator under 
variable hemodynamic conditions [63]. The error due to the planar flow 
assumption and to scan-plane misalignment was tested in human volunteers 
including normal subjects and patients with dilated cardiomyopathy using PCMRI. 
Both in vivo and in vitro measurements revealed that 2D+t Doppler flow mapping 
is a fully non-invasive technique for imaging and quantifying the flow pattern 
inside the LV during the cardiac cycle based on Doppler-echocardiography. This 
imaging modality is fast, inexpensive, and does not require any complex training 
for utilizing in daily clinical practice to assess global LV function directly from 
2D+t blood velocity measurements. It is based on ultrasound acquisitions that take 
less than a minute followed by offline processing using standard desktop 
computers. This technique can be safely performed on patients who have 
implanted pacemakers and cardiac resynchronization devices who cannot undergo 
MRI scans [48, 63].
Figure 2-12: Examples of blood velocity mapping on 3 volunteers (normal, hypertrophied, and 
dilated subjects) in apical long-axis view overlaid on B-mode images. The color shades represents 
the magnitude of velocities as shown in color bar. The arrows indicate the flow direction [63].
Although this modality provides reasonably accurate validation of the major intra-
ventricular flow patterns suitable for clinical examinations, the B-mode wall 
tracking algorithm, which provides the essential boundary condition to solve the 
continuity equation and to obtain the 2D+t velocity field, seems to impose some 
difficulties. 
Normal ventricle Hypertrophied ventricle Dilated ventricle
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2.2 Rationales and hypothesis
In large vessels (with diameters larger than 1 mm) and heart cavities, blood can be 
assumed as a fluid continuum because its corpuscular nature, in which the fluid is 
composed of discrete molecules, becomes negligible [42]. As a fluid, and in 
contrast with solids, blood does not have preferred geometry since it does not 
possess any elastic behavior. In other words, a solid resists distortion but fluid 
does not. As a consequence, the flow behavior is highly sensitive to any dynamic 
and geometric perturbation. The small dynamic and/or geometric modifications 
may induce a significant change in flow patterns. For instance, in pipe flow, a 
slight modification in pipe geometry, such as bend or sharpness, may modify the 
flow patterns drastically. This phenomenon is also true in the left ventricle. In 
patient with cardiac diseases, the intra-ventricular blood flow pattern is expected to 
be disturbed due to modification in the blood flow and/ or wall dynamics. We 
hypothesize that in case of heart disease, the mitral (good) vortex is preserved but 
with less energy and also an apical (bad) vortex appears which swirls in the 
opposite direction to the natural flow. Also the presence of the apical vortex may 
contribute to significant energy dissipation and thus increase the workload. As a 
result, the myocardial wall is remodeled. This may further disturb the blood flow 
filling patterns which in turn increases the vorticity of the apical vortex. Based on 
this, we formulate the following hypotheses which can be tested in a long term 
study:
1) The presence of an apical vortex in the left ventricle during early filling 
reflects an impairment of LV relaxation.
2) The presence of an apical vortex is an early marker of diastolic 
dysfunction, even if the systolic function is preserved.
3) The vorticity and the size of the mitral and apical vortices are related to the
degree of the filling impairment.
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2.3 Goal and objectives
The long term goal related to this study is to better predict cardiac events in 
patients with diastolic heart failure by means of intra-ventricular vortex imaging 
using color Doppler-echo. For this purpose, Dr. Garcia has proposed a new 
echocardiographic methodology, called Doppler vortography, for a thorough 
quantification of intra-cardiac vortices based on conventional Doppler images only 
and developed a complete and easy-to-use software for Doppler vortex imaging in 
daily clinical practice. The specific objectives of the present project are:
1) To validate the Doppler vortography tool using an in silico model (a 
computational acoustic model of a numerical vortex field) and 
2) To validate the Doppler vortography tool using a state-of-the-art in vitro
heart model and optical PIV (not to be confused by echo-PIV!) and
3) To achieve a clinical study in two populations (Normal sedentary subjects 
and hypertensive patients with normal cardiac phenotype) to test whether 
this technique is readily applicable in clinical context.
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CHAPTER 3 MATERIALS AND METHODS
In this section, we describe a new echocardiographic methodology, called Doppler 
vortography, for a thorough quantification of the vortices that form in the left 
ventricle during diastolic filling. This technique only requires the use of Doppler 
velocities obtained by conventional clinical scan; therefore, Doppler vortography 
is fast, clinically-compliant and does not require any specific adjustments for usual 
protocol. Assuming that the vortices follow nearly symmetric patterns, the 
vorticity – which describes the local rotational characteristics of the fluid particles 
– is estimated at the center of a detected vortex. Since this study focuses only on 
cardiac imaging using ultrasound, a polar coordinate system (ݎ,ߠ) with the origin 
at the arigo of the phased array transducer is used to delineate the Doppler data. In 
this configuration, the Doppler velocities depict the radial components of the 
velocity field.
Figure 3-1: A) Single large vortex (Thick arrowed streamlines) and corresponding Doppler field; 
the phased array transducers at the top. B) Corresponding blood vortex signature (BVS), the BVS 




Doppler field Blood vortex signature
A B
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By definition, a vortex as it is explained in section 2.1.1 is a fluid pattern that has a 
rapid circular or swirling motion around its center. Due to the centrosymmetric 
properties of a vortex, scanning such a flow pattern using a phased array cardiac 
probe yields a scanline of zeroes, passing axially through the vortex center, 
surrounded by two maxima of opposite signs, as portrayed in Figure 3-1.A. 
Doppler vortography relies on the symmetric properties of the vortices. If (ݎ௖,ߠ௖)
represents the coordinates of the vortex center, the Doppler velocities ஽ܸ at the 
vicinity of (ݎ௖,ߠ௖) can be written as:
஽ܸ(ݎ,ߠ െ ߠ௖) ൎ െ ஽ܸ(ݎ,െߠ + ߠ௖), if ݎ ൎ ݎ௖ and ߠ ൎ ߠ௖ (3-1)
Figure 3-2: Left: a numerical vortex (vortex pair) is scanned by a probe. Right: corresponding 
Doppler data. At the vortex center the velocity is nearly zero surrounded by two maxima of 
opposite signs.
Such properties induce specific symmetries in the Doppler field which can be 
exploited to describe the vortices quantitatively. Using this property, we can define 







reflects the presence of intra-cardiac vortices. For this purpose the Doppler 
velocities are considered as a matrix array ( ஽ܸ೔ೕ).
The BVS parameter (refer to fig.3.3) can be computed as:
ܤܸ ௜ܵ௝ = ܴ(ܿ݋ݒ( ௜ܹ௝,െ݂݈݅݌݈ݎ( ௜ܹ௝))) × ௜ܵ௝ (3-2)
Let ௜ܹ௝ represents a small m× n matrix centered on the vortex core (refer to Figure 
3-1 and Figure 3-2). 
Figure 3-3: Basic concepts of blood vortex signature (BVS). R and S stand for the ramp and sign 
functions, respectively. Left panel: raw Doppler data of a vortex pair in the Cartesian coordinate 
system.
The core of the vortex is defined as the radius where the tangential velocity is 
maximum. As we know from fluid dynamics the velocity at the center of a vortex 
is nearly zero and this zero scanline is surrounded by the velocity vectors with 
opposite signs at the vicinity of the vortex core. If we deliberately swap the left 
and right side of the window W around, it results in a change in the velocity signs 
on both sides of the window like taking the mirror image with respect to scanline 
crossing the vortex center (an angular mirror line). Therefore, flipping left to right 





negative of the mirrored matrix (െ ݂݈݅݌݈ݎ( ௜ܹ௝)) will be equal to the original 
matrix ௜ܹ௝ at the vortex center. Using this concept that the velocity vectors in the 
original and the negative mirrored window tend to show similar behavior, the 
covariance of these two at the vortex core will be positive. Outside the vortex core, 
if the original and the negative mirrored matrices are independent then their 
covariance will be nearly zero indicating no correlation. Hence, in order to specify 
the vortex center we just need to consider the positive covariance between the 
small window ௜ܹ௝ and the negative flip left to right of the window 
(െ ݂݈݅݌݈ݎ( ௜ܹ௝)) by using the ramp function which is represented by R in the 
equation (3-2). Due to the presence of the positive covariance in (2), the blood 
vortex signature is expected to have high amplitude at the vicinity of the vortex 
and reaches the local maximum at its center. To find the direction of the vortex 
(clockwise and counter clockwise), we need to sum up the differences between the 
columns of the original window ௜ܹ௝ and consider just the sign of the product. The 
positive or negative results prove having a clockwise or counter-clockwise vortex 
respectively. The ௜ܵ௝ in (2) reflects the direction of the vortex. As an example, 
fig.3.1.B represents the BVS map related to the Doppler field and it is noticeable 
that the BVS amplitude is maximal at the center of the vortex.
Once the location of the vortex center has been determined, the strength of the 
vortex should be defined. A vortex can be mainly described by its core vorticity 
(refer to section 2.1.1), which is the local rotation rate of the fluid particles at the 
center of the vortex. The vorticity measures the angular velocity of the fluid 
particles by computing the vector product of  and velocity vectors (the curl of the 
velocity field), ׏× ܸ(ݎ,ߠ). It is a vector quantity having two scalar components. 
In a two dimensional polar coordinate system, the vorticity about the z axis, 
perpendicular to the plane of interest, can be calculated by equation (3-3) [121].






where ௥ܸ and ఏܸ are the polar and angular velocity components, respectively.
Considering that the Doppler echocardiography provides only the radial 
component of the velocity ( ௥ܸ = െ ஽ܸ), the above equation requires some 
modifications in order to use it in clinical context. Assuming that the vortices 
follow a nearly axisymmetric pattern at the vicinity of its core (i.e. we assume that 
the vortex forms a perfect disk close to its center), one gets at the center of the 
vortex (ݎ௖,ߠ௖):
డ
డ௥ (ݎ ఏܸ) = െ
డ௏ೝ
డఏ , for(ݎ,ߠ) = (ݎ௖,ߠ௖) (3-4)
Applying equation (3-4) to the general vorticity equation (3-3), the core vorticity 
߱௖ can finally be derived as a function of the Doppler velocities:









To sum up (refer to Figure 3-4), Doppler vortography works as follows:
1) The “blood vortex signature” (BVS) is measured during early filling from the 
color-Doppler data using Eq. (3-2). 
2) The main vortices are detected by seeking the extrema of BVS. 
3) Their core vorticities are estimated using Eq. (3-5). 
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Figure 3-4: Flowchart of Doppler vortography method for specifying the main vortices and 
calculating their core vorticities (vortography-derived vorticities) in the left ventricle during 
diastole phase.
Doppler vortography is exemplified by a numerical vortex model illustrated in 
Figure 3-5. As it can be seen, a vortex pair is scanned with a cardiac probe (Figure 
3-5A). The corresponding Doppler velocity field is obtained by considering only 
the velocities along the scan-line (Figure 3-5B). 
In addition, a control method is also required to compare the simulated velocities 
(vortography-derived velocity). The control method called 8 point method [122]
utilizes the original two dimensional velocity fields to calculate the core vorticity 
and represent it as the vorticity map (Figure 3-5C). In vector calculus, the vorticity 
߱ calculated from the velocity field is related to the circulation ī by Stokes’ 
Eq. (3-2)









Using Eq. (3-5) Core vorticities of
the main vortices
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integral theorem. So, the circulation is defined as a line integral evaluated along 
the velocity component that is locally tangent to the contour.
ī = රܷ.݈݀ = න(׏× ܷ) .݀ܵ = න߱ .݀ݏ (3-6)
In this equation ݈ is the path of integration around a closed surface area ܵ in a 








Figure 3-5: A) Numerical model: a vortex pair is scanned with a cardiac probe. B) 
Corresponding Doppler velocities (without additive noise). C) Vorticity map (reference) calculated 








Where (߱௭)௜,௝ is the average vorticity in an enclosed area. The 8-point vorticity 
calculation method determines the vorticity by specifying a small rectangular 
contour around the position where the circulation calculation will be done (refer to 
Figure 3-6).
Figure 3-6: The rectangular contour used to calculate circulation and estimate the vorticity at 
point (i,j) [122].
The circulation can be computed around the neighbouring eight points by utilizing 
a standard integration strategy such as trapezoidal rule. To obtain the average 
vorticity, the local circulation has to be divided by the enclosed area. 







2οܺ൫ ௜ܷିଵ,௝ିଵ + 2 ௜ܷ,௝ିଵ + ௜ܷାଵ,௝ିଵ൯
+ 12οܻ൫ ௜ܸାଵ,௝ିଵ + 2 ௜ܸାଵ,௝ + ௜ܸାଵ,௝ାଵ൯
െ 12οܺ൫ ௜ܷାଵ,௝ାଵ + 2 ௜ܷ,௝ାଵ + ௜ܷିଵ,௝ାଵ൯ െ
1
2οܻ( ௜ܸିଵ,௝ାଵ
+ 2 ௜ܸିଵ,௝ + ௜ܸିଵ,௝ିଵ)
(3-9)
88
The vorticity map calculated from the original vector flow field and the BVS map
related to the Doppler field is illustrated in Figure 3-5C and D respectively.  
The reliability of the BVS measured by Doppler vortography was assessed in 
mock Doppler fields issued from numerical simulations (in silico) and in vitro
data. Doppler vortography was also tested in 18 patients with cardiac diseases.
3.1.1 In silico: ultrasound imaging and simulations
A computational acoustic model was first used to produce mock Doppler fields to 
test the accuracy of Doppler vortography under ideal conditions. The Field II 
software developed by Jensen and Svendsen [123, 124] was employed to simulate 
the raw ultrasound signals resulting from a numerical vortex flow. This simulation 
software allows modeling of ultrasound transducers and practical image 
acquisition sequence. 
This numerical ultrasound simulation was performed with a Lamb-Oseen vortex. 
The Lamb-Oseen vortex is a classical time decaying vortex which is commonly 
used in fluid dynamics. The mathematical model for the Lamb-Oseen velocity 
field in the circumferential direction using the peak tangential velocity ఏܸ೘ೌೣ  of 
the vortex is described by [125]:








Where Į ൎ 1.25643, ݎ is the radius, and ݎ௖ is the core radius of the vortex.
In this part, the blood flow is simulated by propagating the randomly distributed 
point scatterers. The positions of the moving particles were updated between each 
ultrasound frame. A two dimensional 64 elements phased array transducer having 
a center frequency of 2.5 MHZ, an azimuthal pitch of 0.3 mm was used in the in 
silico measurements. The sampling frequency of the raw ultrasound signals was 
set to 100 MHZ during simulation. A total of 40,000 randomly positioned 
scatterers were simulated and insonified with pulses containing 8 cycles. The 
region of interest was 4 cm-wide and ranged from 4 to 8 cm depth respective to the 
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probe. The centers of the Lamb-Oseen vortices were all positioned within this 
region of interest. For a given vortex configuration, five RF images containing 50 
scanlines and covering a 40o wide sector were created. The consecutive RF images 
were generated after the scatterers had been displaced according to the Lamb-
Oseen velocity field. A complex base-band modulation technique called IQ-
demodulation (refer to section 1.3.3.7) was performed to reduce the amount of 
data without losing any essential information. The Doppler velocity field, which 
are the velocities in the radial direction, was measured using the autocorrelation 
algorithm described by Kasai et al. [126]. These five RF images have been used in 
the auto-correlation technique to provide one Doppler signal. The waiting time 
between each frame acquisition was always given by the maximum available pulse 
repetition frequency (3×PRF) regarding the peak tangential velocities for different 
flow fields, so that aliasing was avoided.
The simulation protocol was done for 31 vortices with different radii and peak 
tangential velocities. To generate these scenarios, the vortex core radius (ݎ௖) was 
fixed at 1, 1.25 and 1.5 cm and the peak tangential velocity ( ఏܸ೘ೌೣ) was ranged 
from 0.35 to 1.5 m/s. These radii and velocities were chosen to be in a 
physiological range for the vorticity in the left ventricle (~ 90 - 320 s-1)[63].
The Doppler fields were smoothed using an unsupervised smoothing and 
denoising method [127, 128]. The BVS was calculated in all these velocity fields 
using equation (3-2). Also the local extrema of the BVS patches were detected and 
the core vorticities were estimated using equation (3-5). The consecutive steps of 
the numerical simulation process are illustrated in Figure 3-7.
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Figure 3-7: Flowchart of in silico simulation using Field II software. The scatterers were 
displaced according to the Lamb-Oseen vortex ( ௫ܸ , ௭ܸ) which was performed between each image 
acquisition. The time between each image acquisition ( ௉ܶோி) was adjusted so that aliasing was 
avoided. (X1, Z1) and (X2, Z2) are position of the point scatterers before and after displacement 
respectively.
5 consecutive RF signals
Follow the steps in  fig. 1.16
Doppler velocity ( )
Follow the steps 
in  fig.3.4
Vortography-derived core vorticity
1. Generate the transducer apertures for send and receive 
2. Generate aperture for emission
3. Set the impulse response and excitation of the emit aperture
4. Generate aperture for reception
5. Set the impulse response for the receive aperture
6. Do phased array imaging
• Position of the point scatters (X, Z)
• Number of scanline (50)
• Size of image sector
7. Calculate the received response (RF signals)
• center frequency
• sampling frequency 
• wavelength
• height of elements 
• pitch
8. Store the result
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Several kernel sizes (i.e. (2݊ + 1) × (2݊ + 1) with ݊ = 1 … 5) were tested to 
analyze the robustness of the method. The effect of the kernel size was analyzed 
using a repeated measures analysis of variances by means of an easy-to-use 
statistical software called MedCalc (version 12.6). 
Knowing the velocities in the ߠ direction of a vortex combined with the general 
vorticity equation (3-3), the ground-truth vorticity at the center of the Lamb-Oseen 
vortex (r=0) can be found as:
߱௖  =
ିଶ × ௏ഇ೘ೌೣ× (ఈ ା ଴.ହ)
௥೎
(3-11)
The Doppler-derived core vorticities (Eq. 3-5) were compared with those 
measured from an original vector flow field (ground-truth vorticities) (Eq. 3-11) 
using a linear regression and a Bland-Altman plot.
3.1.2 In vitro analysis based on PIV experimentation in a left heart 
model
The Doppler fields simulated with Field II were all based from perfectly 
axisymmetric vortices. Therefore, Doppler vortography method was also 
performed with more realistic vortical patterns issued from a physiological heart 
model using optical Particle Image Velocimetry (PIV). In vitro experiments were 
performed using an atrioventricular dual activation pulse duplicator (ESIL, 
Marseilles, France). As previously described in [129], the in vitro setup is 
composed of ventricular and atrial activation boxes, systemic and pulmonary 
circulation model and a computerized driving interface. Figure 3-8 represents an 
overview of the left heart model setup. As it can be seen, it is composed of 1) the 
three main components PIV configuration (including the laser, the micrometric 
displacement system, and the cameras), and also 2) the mock circulatory system 
(pulmonary veins, the left atrial and ventricular chamber, and the systemic model). 
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Figure 3-8: Left panel: overview of the in vitro setup [130]. The different components are (1) 
laser, (2) micrometric displacement system, (3) camera, (4) pulmonary veins, (5) left atrial, (6) left 
ventricle, and (7) systemic model. Right panel: zoom the left atrio-ventricular device (parts (5) and 
(6)) [129].
The left heart cavities are compliant and transparent to reproduce the contraction
and the relaxation of cardiac cavities and also to assess the velocity fields inside 
the LV using optical PIV.  To simulate ventricle dynamics (contraction or 
relaxation), a gear pump transfers the extra-circulatory fluid from an open tank to a 
box containing the ventricle model. During the systole period, while the fluid is 
injected to the space between the ventricle and the surrounding box, it compresses 
the ventricle and ejects the intra-circulatory fluid contained in the ventricle into the 
aorta. During diastole period, the pump sucks the extra-circulatory fluid from the 
box, the ventricle dilates, and the intra-circulatory fluid contained in the atrium 
passes through the mitral valve and enters the ventricle. The same principle is used 





In order to eliminate any optical distortion, the same fluid is used in the in vitro
system for both in and outside of the ventricle. A liquid made of 40% glycerol and
of 60% of saline water was used to reproduce blood viscosity. The circulatory 
fluid was seeded by neutrally-buoyant Nylon particles with a mean diameter of 
15–20 ߤ݉. The time between two frame exposures was set to ȟܶ = 40 ± 3 (݉ݏ)
as a compromise between the intraventricular velocities and the available power of 
the laser. 
Three different hemodynamic conditions were simulated in the in vitro system: 
heart rate (bpm)/ stroke volume (mL) equals to 60/65, 80/60 and 100/75. The PIV 
laser plane traversed the mitral valve, aortic valve and ventricular apex to simulate 
an apical long-axis view. Velocity maps were generated with a standard 
commercial software package (Insight3G, TSI Inc., Shoreview, MN) using an 
interrogation size of 200 pixel × 64 pixel. The average velocity fields were 
obtained over 30 consecutive cardiac cycles.
Using the original velocity fields provided by PIV, the mock Doppler velocity 
fields were simulated with the transducer located in the apical position. As 
performed with the numerical simulations, the BVS was calculated using equation 
(3-2) with different kernel sizes after a prior post-processing of the noisy 
reconstructed Doppler velocity field. The local extremum of the BVS patch 
corresponding to the main diastolic vortex was detected and the core vorticity was 
estimated by means of equation (3-5). The consecutive steps of the in vitro process 



















































































































































































































































The vorticities estimated by Doppler vortography (vortography-derived core 
vorticity) were compared with those measured from the original PIV field 
provided by the reference method called the 8 point method [122] using a standard 
linear regression and a Bland-Altman plot. They were both measured at the same 
location, i.e. where the BVS amplitude was found maximal. This analysis was 
performed on the frames related to the diastolic filling only (total of 15 frames).
Figure 3-10: Effects of transducer position on the reconstructed Doppler velocity field in the in 
vitro experiment were analyzed. Several insonification angles (0o, ± 5o, ± 10o) were tested.
To check whether the transducer position (probe orientation) affects the results 
returned by Doppler vortography, several probe angles relative to the left ventricle 
centroid were tested (0o, ± 5o, ± 10o, see Figure 3-10). The effects of the kernel 
size and the probe angle were analyzed independently using repeated measures 
analyses of variances by means of MedCalc software (version 12.6).
3.1.3 In vivo experiments
Some preliminary results issued from healthy subjects and patients with heart 
diseases were obtained to test whether this technique is readily applicable in 
clinical context. In this pilot study 18 patients belonging to two different groups 
were examined. Since hypertension is one of the main drivers of heart failure
[131], hypertensive patients were considered in this study. Among these 18 
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patients, 9 were considered as normal (no known cardiovascular disease or high 
blood pressure, normal ECG, normal echo surface study) and 9 were hypertensive 
with an expected mild to moderate diastolic dysfunction (normal LV size and 
mass, normal LV systolic function). 
The exclusion criteria used to determine appropriateness for the clinical trial 
participation included age < 18 years old, diabetes, permanent pacemaker, absence
of sinus rhythm, prosthetic valve, any moderate to severe valve disease, medical 
history of cardiac ischemic event, chemotherapy or thoracic radiotherapy, severe 
pulmonary disease, moderate to severe renal failure, constrictive pericarditis, LV 
ejection fraction < 55%.
$QRUPDO/9V\VWROLF IXQFWLRQ LVGHILQHGDV DQ HMHFWLRQ IUDFWLRQQRUPDO
/9PDVVDV 95 g/m2 IRUZRPHQRU 115 g/m2 for men, and normal size of the 
/9DVHQGGLDVWROHGLDPHWHU 32 mm/m2 IRUZRPHQDQG 31 mm/m2 for men.
Subjects were included either by advertisement or as they present for routine tests 
in the echographic laboratory. Data was stored in our cardiac imaging database. 
Doppler vortography was performed after post-processing of conventional color-
Doppler data. This analysis was performed on the frames related to the early 
diastolic filling. The diastolic frames were specified by observing color Doppler 
data overlaid on B-mode images and also were checked using the 
electrocardiogram (ECG) of each subject (refer to Figure 1-2). Echocardiographic 
images of the left ventricle were acquired by means of a General Electric Vivid 7 
(General Electric, Milwaukee, WI, USA) ultrasound machine using broadband 1.9 
- 4.0 MHz transducers. Subjects were examined in the left lateral recumbent 
position using standard views (Figure 3-11). In order to apply our tools for vortex 
imaging, an apical 3-chamber view (Figure 1-15) from the apical position with 
color Doppler over the entire LV cavity was acquired. 
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Figure 3-11: Patient in the left lateral recumbent position prepared for the echocardiographic 
examination (GE Healthcare, Vivid E9).
The imaging sector was adjusted to maximize the frame rate (> 25 frames/sec). At 
least three to ten complete cardiac cycles were acquired in the color-Doppler mode 
(refer to ECG trace in Figure 3-12). Echocardiographic raw data were extracted 
from the HDF5 (hierarchical data file) format using the clinical workstation 
EchoPAC (GE Healthcare). These data include all the information required for 
Doppler vortography: B-mode-derived ultrasound intensity, Doppler radial 
velocity, Doppler power, the position and size of the acquisition sector, the time 
samples, and the ECG signal.
To sum up, Doppler vortography interface works as follows:
1. Input the raw echocardiographic data (HDF5 file).
2. Choose an early diastolic frame (the scroll bar on top right of fig.3.12) 
according to the ECG trace and the B-mode image.
3. Perform Doppler vortography analysis and the results will be the vortex 
position and the corresponding core vorticity
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Figure 3-12: The graphical user interface for fast and easy detection and quantification of the 
intra-ventricular vortices by Doppler vortography. This interface is able to read and post-process 
the raw Doppler data issued from a GE ultrasound scanner. In this example the yellow circle 
represents the mitral vortex whose vorticity is 258 s-1.
In this part of the study, the following parameters have been evaluated using 
Doppler vortography: the presence or not of the apical vortex and the vorticity and 
size of the mitral and apical vortices (if any). 
Sensitivity and specificity were calculated to test whether the presence of an apical 
vortex is a good indicator of diastolic dysfunction. The effectiveness of the 
diagnostic criteria was tested using a two-way contingency analysis by means of a 
Chi square test. The core vorticity of the mitral vortex was also measured for each 
heart cycle by Doppler vortography. The median values over 3 to 10 cycles were 
calculated and compared. Comparison of the core vorticities of the mitral vortices 
between the different clinical groups was performed by means of the ANOVA 
(analysis of variance). Other comparisons between two groups were made using 




The reliability of Doppler vortography method was assessed in mock Doppler 
fields issued from numerical simulation and also PIV data in a left heart model. 
The potential clinical relevance of Doppler vortography was tested in two different 
groups. The corresponding results are presented in this chapter.
4.1 In silico data
4.1.1 Doppler-derived vs. Ground-truth vorticity in silico
The blood vortex signature was calculated from the post-processed Doppler data 
simulated by Field II software (Figure 4-1). The vortex core is located at the 
extremum of the BVS map. Kernel windows with different sizes (3×3, 5×5, 7×7, 
9×9, and 11×11) were tested (refer to Eq.3-2). The vortography-derived core 
vorticity (Eq.3-5) was compared with the ground-truth vorticity (Eq.3-11) for 
selected kernel sizes using a linear regression and Bland-Altman plot. The results 
are presented in Figure 4-2, Figure 4-3.
We observed a good concordance between the vorticities estimated by Doppler 
vortography (vortography-derived vorticity) and those derived from the control 
method (analytical solution, Eq.3-11). As it can be seen in Figure 4-2, high 
correlations were obtained in silico simulation for all kernel sizes (ݎଶ~0.98 ). The 
relative errors in silico were also calculated using the Bland-Altman plots (Figure 
4-3). As revealed by the Bland-Altman plot, small relative errors were observed in 





























































































































































































































Figure 4-2: Concordance between the vortography-derived and ground-truth vorticities in silico
for different kernel sizes using linear regression.   
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Figure 4-3: Relative errors in silico calculated for different kernel sizes using the Bland-Altman 
plot.
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4.1.2 Effect of kernel size in silico
The repeated measures ANOVA was used to test for differences among 5 groups 
of selected kernel sizes (3×3, 5×5, 7×7, 9×9, and 11×11). A significant effect of 
the kernel size (P < 0.001) was reported in silico. There was a negative linear trend 
(P < 0.0001) between the kernel size and the corresponding vorticity: i.e. the 
vorticity decreased with increasing Kernel size. Pairwise comparisons (the results 
are presented in table.4.1), however, showed that the mean vortcity differences 
between the 3×3 and 11×11 kernel sizes in silico were 9.25±0.82 s-1; this 
difference remained relatively small when compared with the actual vorticity 
values (mean > 200 s-1). Hence, the kernel size had negligible effect on the vortcity 
estimation.
Table 4.1: Pairwise comparison among 5 different kernel sizes in silico. The mean vorticity 
differences with standard errors are summarized.
Kernel Sizes Mean Difference (s-1)
3×3 5×5 2.848 ± 0.482
7×7 4.369 ± 0.543
9×9 6.191 ± 0.598
11×11 9.251 ± 0.820
5×5 3×3 -2.848 ± 0.482
7×7 1.521 ± 0.244
9×9 3.343 ± 0.485
11×11 6.403 ± 0.898
7×7 3×3 -4.369 ± 0.543
5×5 -1.521 ± 0.244
9×9 1.822 ± 0.272
11×11 4.883 ± 0.724
9×9 3×3 -6.191 ± 0.598
5×5 -3.343 ± 0.485
7×7 -1.822 ± 0.272
11×11 3.060 ± 0.460
11×11 3×3 -9.251 ± 0.820
5×5 -6.403 ± 0.898
7×7 -4.883 ± 0.724
9×9 -3.060 ± 0.460
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4.2 In vitro data
4.2.1 Vortography-derived vs. ground-truth vorticity
As it has been previously discussed, the velocity fields in a left heart model for 
three different hemodynamic conditions were provided by PIV technique. Then 
the mock Doppler velocity fields were simulated by positioning the transducer in a 
3 cm distance away from the apex of the left ventricle model. The noisy 
reconstructed Doppler velocity fields were post-processed by an unsupervised and 
easy-to-use algorithm called SMOOTHN [127, 128]. Then the BVS maps were 
calculated for different kernel sizes (3×3, 5×5, 7×7, 9×9, and 11×11). The vortex 
cores can be found at the local extremum of the BVS maps. Then the core vorticity 
at the position of the BVS extremums were calculated by Eq. (3-5). We mostly 
focused on the main diastolic vortex refer to as the good vortex (fig.2.5) in this 
document.
On the other hand, a control method is required to compare the simulated 
vorticities (Doppler-derived vorticity). As it is explained before, the control 
method called the 8 point method [122] utilizes the original two dimensional 
velocity fields for different hemodynamic conditions to calculate the core vorticity 
by means of Eq. (3-8) and (3-9) at the same position of the maximum BVS. These 
calculations were applied on the diastolic frames (total of 15 frames). 
Figure.4.4 exemplifies the color Doppler field reconstructed from in vitro intra-
ventricular PIV velocity field related to a diastolic frame. The corresponding PIV-
derived vorticity calculated by the control method and BVS measured by Doppler 
vortography are also shown in fig.4.4.B and C respectively. The local extremum of 
the BVS patch corresponding to the main diastolic vortex (see fig.4.4) was 
detected and the core vorticity was estimated. The Doppler vortography-derived 
vorticities were compared with PIV-derived vorticities using a standard linear 
regression.
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The effect of transducer position on the Doppler vortography method was tested 
by changing the probe angle relative to the left ventricle centroid. Five different 
angles and kernel sizes were considered in vitro experiment. 
As it can be seen in fig.4.5, a high correlation was obtained for several probe 
angles in vitro (ݎଶ~ 0.86). As revealed by Bland-Altman plot (fig.4.6), 
overestimations and higher relative errors were observed in vitro for different 
kernel sizes (i.e. 20.4 ± 15 % for kernel size 7×7). 
Figure 4-4: In vitro data. Color Doppler fields were created from in vitro intra-ventricular PIV 
(particle image velocimetry) velocity fields. The blood vortex signature was measured by Doppler 










Figure 4-5: In vitro results. Comparison between vortography-derived (Eq. 3-5) and ground-truth 
(Eq. 3-8 and 3.9) vorticities. Several angle insonifications (see fig. 3.10) were simulated for 
specified kernel window sizes.
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Figure 4-6: Relative errors in vitro calculated for different Kernel sizes using the Bland-Altman 
plot.
4.2.2 Effect of kernel size and angle insonification
The repeated measures ANOVA was used to test for differences among 5 groups 
of selected kernel sizes. A significant effect of the kernel size (p < 0.001) was 
observed in vitro. The measurements showed a negative linear trend (p < 0.0001) 
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between the kernel size and the corresponding vorticities; i.e. the vorticity was 
decreased with increasing kernel size. In pairwise comparison, the mean vorticity 
differences between kernel configurations were compared to each other. The mean 
difference with standard error is given in table.4.2.  It is shown that the mean 
vorticity differences between the 3×3 and 11×11 window sizes were 12.34 ± 2.06
(s-1) in vitro. However, these differences are small compared to the actual vorticity 
value (mean >200 s-1). The same procedure was performed to analyze the effect of 
beam orientation and the mean differences with standard errors are presented in 
table.4.3. No specific effect of the insonification angle (p > 0.05) was reported for 
the in vitro data. It can be concluded that the kernel size and the insonification 
angle had negligible or no effect on the vorticity estimation.  
Table 4.2: Pairwise comparisons using repeated measures ANOVA within 5 selected kernel sizes 
in vitro.  The mean vorticity differences with standard errors are represented.
Kernel Sizes Mean Difference (s-1)
3×3 5×5 0.133 ± 0.375
7×7 1.757 ± 0.602
9×9 4.623 ± 0.941
11×11 12.345 ± 2.061
5×5 3×3 -0.133 ± 0.375
7×7 1.624 ± 0.447
9×9 4.490 ± 0.924
11×11 12.212 ± 2.059
7×7 3×3 -1.757 ± 0.602
5×5 -1.624 ± 0.447
9×9 2.865 ± 0.809
11×11 10.587 ± 2.012
9×9 3×3 -4.623 ± 0.941
5×5 -4.490 ± 0.924
7×7 -2.865 ± 0.809
11×11 7.722 ± 1.889
11×11 3×3 -12.345 ± 2.061
5×5 -12.212 ± 2.059
7×7 -10.587 ± 2.012
9×9 -7.722 ± 1.889
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Table 4.3: The results of the pairwise comparisons using repeated measures ANOVA within 5 
different insonification angles are represented. The mean vorticity differences with standard errors 
and P-value are given.
4.3 In vivo study: Doppler vortography
As it is previously discussed, Doppler vortography is a technique to specifically 
detect and quantify the intra-ventricular vortices that form during LV filling. An 
example of vortex detection by Doppler vortography is illustrated in Figure 4-7.
The vortices are denoted by circles whose radii represent their strength. The 
direction of the vortices (clockwise and counter clockwise) is shown by curved 
arrows. Note that a small counter clockwise vortex may also appear adjacent to the 
posterior mitral valve leaflet. This is a normal vortex which was not studied in this 
research project. In this study we focused only on the mitral and apical vortices.
Angles Mean Difference (s-1) P value
-ϭϬȗ - ϱȗ 2.819 ± 1.204 0.2146
Ϭȗ 2.596 ± 1.031 0.1358
нϱȗ -0.140 ± 0.756 1.0000
нϭϬȗ 1.636 ± 0.945 0.8703
- ϱȗ - ϭϬȗ -2.819 ± 1.204 0.2146
Ϭȗ -0.223 ± 1.255 1.0000
+ 5ȗ -2.959 ± 1.212 0.1659
нϭϬȗ -1.184 ± 1.129 1.0000
Ϭȗ - ϭϬȗ -2.596 ± 1.031 0.1358
- ϱȗ 0.223 ± 1.255 1.0000
нϱȗ -2.736 ± 1.038 0.0994
нϭϬȗ -0.960 ± 1.258 1.0000
+ ϱȗ - ϭϬȗ 0.140 ± 0.756 1.0000
- ϱȗ 2.959 ± 1.212 0.1659
Ϭȗ 2.736 ± 1.038 0.0994
нϭϬȗ 1.775 ± 0.909 0.5383
+ ϭϬȗ - ϭϬȗ -1.636 ± 0.945 0.8703
- ϱȗ 1.184 ± 1.129 1.0000
Ϭȗ 0.960 ± 1.258 1.0000
нϱȗ -1.775 ± 0.909 0.5383
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Figure 4-7: Vortex detection by Doppler vortography. Vortices are denoted by circles whose 
radii are related to the vorticity.
As a preliminary analysis, to test whether this technique is clinically compatible, 
Doppler vortography was performed on nine healthy subjects and nine 
hypertensive patients with normal LV mass and size using GE vivid 7. Following 
the steps mentioned in methodology sections (see also Figure 3-4 and Figure 
3-12), the position and size (strength) of the mitral and apical vortices can be 
evaluated.
Raw Doppler data and corresponding BVS maps of one normal subject (A) and 
two patients (B and C) are presented in Figure 4-8. As it can be seen, a clockwise 
vortex (represented by red) is present at the vicinity of anterior mitral valve in both 
healthy subjects and patients during early diastole. An abnormal counter rotating 







Figure 4-8: Raw Doppler data (left panel) and corresponding BVS maps (right panel) of three 
subjects (A. healthy, B and C. patients) during early filling.





We detected an apical vortex in 7 hypertensive patients (7 true positives + 2 false 
negatives) and one normal subject (8 true negatives + 1 false positive) (see Figure 
4-9). The accuracy of the apical vortex test is 83%. The test sensitivity (the test
ability to identify the presence of apical vortex in HTN patients) and specificity 
(the test ability to identify the absence of apical vortex in normal subjects) are 77% 
and 88% respectively. The effectiveness of the apical vortex test was evaluated 
using a two-way contingency analysis; a Chi square test returned a p-value of 






Figure 4-9: Performance of the “apical vortex” test in normal and hypertensive (HTN) patients.
In the next step, the core vorticity of the mitral vortex (the good vortex) was also 
measured for each heart cycle by Doppler vortography and the median over 3 to 10 
cycles were compared. We performed a two-tailed Student T-test and a non-
parametric Mann-Whitney U-test to compare the medians of the normal and 
hypertensive groups. According to the presented results in Figure 4-10, there was a 
significant difference at the 5% level between the two groups for both tests (p < 
0.05). The mitral vortex (the good one) was weaker in hypertensive patients than 
normal subjects. These findings are very encouraging and of high interest for the 
routine echocardiographic assessment of diastolic function. These two promising 
observations tend to corroborate our hypotheses 1, 2 and 3.
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Figure 4-10: Left: Median of mitral core vorticities over 3 to 10 cycles for normal and 
hypertensive (HTN) groups. Right: Comparison of the mitral core vorticities between the normal 
and hypertensive groups.


































5.1 Presence of mitral and apical vortices
It was the aim of this study to propose a new non-invasive index – Doppler 
vortography – based on vortical structures for assessment of the left ventricle 
function that can be easily applicable in a clinical context. Since this technique 
makes use of the conventional Doppler fields, Doppler vortography is a fully non-
invasive, available and inexpensive modality to detect and quantify the intra-
ventricular vortices that form during left ventricle filling. This method can be 
easily implemented for routine checks to recognize ventricular insufficiency and 
abnormal blood patterns at early stages of heart failure to decrease the morbidity 
of cardiac disease.
Doppler vortography modality for intra-ventricular vortex imaging was tested in 9 
normal subjects and 9 patients, and the resulting blood vortex signature (BVS) 
revealed the presence of a clockwise rotating structure in contact with the anterior 
mitral valve leaflet (see Figure 4-8) both in healthy subjects and patients during 
diastolic filling. BVS mapping of three different subjects are also depicted in 
Figure 5-1. It confirms that only one diastolic vortex is present in normal subjects. 
This vortex is weaker in patients with severe cardiac dysfunction (see patient #2 in 
Figure 5-1). This is probably due to the modification of the wall and mitral flow 
dynamics that significantly alters the intra-ventricular flow pattern. We observed 
that the diastolic mitral vortex can be easily detected at the end of early diastolic 
filling and before the atrial systole (at the onset of the E-wave deceleration). The 
smaller vortex adjacent to the posterior mitral leaflet was not always detectable 
depending on the cross-sectional view. Moreover, an additional abnormal counter 
rotating vortex was also present near the apex of the patients (see Figure 5-1 and 




































































































































































































































































































































































































































The recent research studies have also revealed an emerging clinical interest for 
characterization of intra-ventricular flow velocities and supported our findings in 
this research study [1, 2, 45, 46, 62, 63, 85, 86, 94, 132, 133]. Rodevand et al. 
described the flow velocity distribution within the left ventricle of normal subjects 
using color Doppler [46]. It has been shown that in early diastolic filling the blood 
flow velocities are directed toward the apex. At the end of the first diastolic pulse 
(at the peak of E-wave), the velocity gradient from the mitral valve to the apex 
tends to decrease leading to a partial closure of the anterior mitral valve leaflet. 
Right at the peak of E-wave, two vortices appear at the tip of the anterior mitral 
leaflet (major vortex) and behind the posterior one. Although the filling velocities 
are very low during diastasis, the major vortex (only) persists in the left ventricle. 
At the end of atrial contraction wave (A-wave), the major vortex pushes the mitral 
valve backward for closure. Moreover, in some patients, relatively apically located 
vortices were seen. The anterior vortex formation within the left ventricle of 
healthy subjects during mitral inflow has also been investigated by Kim et al. [94]
using MRI. During E-wave deceleration when the anterior leaflet moves toward 
the partial closure, the valve is brought into a relevant place for formation of the 
shear layer between the transmitral flow and the leaflet. The shear layer creates a 
vortex at the leaflet tip which rolls-up into the low pressure region behind the 
anterior leaflet due to the inward motion of the valve. Then the anterior vortex 
expands and directs the flow towards the apex and the outflow tract with the 
continuous ventricular diastolic filling. A weak transient recirculation may also be 
seen beneath the posterior mitral valve leaflet. Kim et al. reported that the anterior 
vortex is formed after the beginning of the mid-diastolic partial mitral valve 
closure and arises again at the instance of the final mitral valve closure [94].
However, Sengupta et al. [107] showed the continued presence of anterior vortex 
on the duration of the ventricular filling phase by performing echo contrast particle 
image velocimetry (echo-PIV) in 10 beating pig hearts. Similar vortex flow pattern 
was detected immediately after the onset of early diastole in normal subjects using 
echo-PIV performed by Hong et al. [45]. This circulating flow pattern persists 
until the end of the diastolic filling and dissipates with the aortic valve opening 
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during ventricular ejection. Furthermore, the position and the strength (vorticity) 
of this vortex are dynamically dependent on the phase of the heart cycle. In the 
case of ventricular dysfunction, the mitral vortex seems to be incoherent with 
lower vorticity than normal case. The swirling flow during ventricular diastole was 
also tested by Mouret et al. [134] using laser PIV in an atrioventricular model. 
Their results reveal the presence of two vortices at the tip of the mitral leaflets 
before the deceleration of the E-wave. The vortex formation time is slightly earlier 
than the in vivo findings by Kim et al. [94]. This might be due to the higher shear 
layer and vorticity at the leaflet surface in vitro. The well-developed circular mitral 
flow pattern was also observed at the onset of the filling phase in an in vitro PIV 
examination by Garcia et al. [63]. Preliminary clinical Doppler results using 
Garcia’s method [63] were consistent with the previous studies using MRI 
techniques [1, 60, 93] and confirmed the swirling nature of the intra-ventricular 
flow. At the beginning of the E-wave deceleration stage, the large diastolic vortex 
starts to appear at the edge of the anterior leaflet while its strength and size keeps 
rising during the whole diastole. In patients with ventricular abnormalities such as 
hypertrophic and dilated hearts, the major vortex appears to be disorganized 
(grossly disturbed especially in dilated ventricle) in compare to normal subjects 
along with the presence of the extra recirculating patterns near the apex of left 
ventricle. It is worth mentioning that the mitral vortex is stretched during systolic 
contraction and is ejected and disappears almost completely before the onset of 
diastolic filling. Therefore, the remaining vorticity from the previous cycle weakly 
affects the mitral inflow vortex and the diastolic flow can be considered vortex-
free before the beginning of ventricular filling [72, 135].
Our in vivo results (see Figure 4-8) using Doppler vortography unveiled that in 
most of patients, a counter-rotating vortex with respect to the natural flow was 
visible near the apex. In others (such as in Figure 5-2), a large vortex was present 
adjacent to the posterior mitral valve leaflet (also refer to Figure 4-7). In patients 
with abnormal heart function like acute myocardial infarction, there is a wall 
insufficiency that disrupts the flow causing the geometry of the vortex to change 
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and also the appearance of undesirable vortices. In the presence of an abnormal 
vortex near the apex, the left ventricle may enter into a vicious circle. Since this 
additional apical vortex rotates in a direction opposite to the natural circulation 
path, it induces excessive fluid energy dissipation and thus increases the cardiac 
workload and negatively affects the myocardial efficiency. In addition, this apical 
vortex may disturb the intra-ventricular flow pattern which in turn decreases the 
vorticity of the mitral vortex (see Figure 4-8). It could be expected from our in 
vivo results (refer to Figure 4-10) that the vorticity of the diastolic mitral vortex is, 
to some extent, negatively related to the degree of the filling impairment; weaker 
mitral vortex shows the more severe level of ventricular dysfunction. 
Recent in vitro and in vivo observations also confirm that the mitral vortex might 
minimize the fluid energy dissipation and optimize the LV myocardial efficiency 
[1, 2, 133, 136]. Charonko et al. [133] studied the blood flow in the left ventricle 
during filling in normal subjects and patients with abnormal diastolic function 
using a 2D PCMRI and measured the strength and location of the intra-ventricular 
vortices. The corresponding results revealed that the formation of the mitral vortex 
assists ventricular filling by reducing convective losses and optimizes the LV 
function as a suction pump. Any abnormality or malfunction in this mechanism 
contributes to diastolic dysfunction and consequently severe heart failure. The 
analysis of the flow patterns in a left heart numerical model performed by 
Pedrizzeti and Domenichini  [2] verifies that the energy dissipation within the left 
ventricle is significantly affected by the vortex flow arrangement. The intra-
ventricular rotating structure is considered to store some kinetic energy during 
diastole and facilitate systolic ejection by diminishing the energy that the 
myocardial muscle must produce to eject the flow through the outflow tract. The 
presence of an unnatural vortical flow pattern may result in an increase in energy 
dissipation and cardiac muscle workload and as a consequence a reduction in the 
pumping efficiency of the heart by over 10 percent [2].
119
Figure 5-2: Raw Doppler data (left panel) and corresponding BVS patches (right panel) of two 
patients during early filling. An extra counter-rotating apical vortex was visible in most of the 
patients during diastole (A). In some patients a large vortex was present adjacent to the posterior 
mitral valve leaflet (A and B).  
Besides in vivo results, our finding from numerical results and in vitro simulations 
clearly demonstrate that Doppler vortography can provide reliable measures of left 
ventricle vortices during diastolic filling. The presented in vivo study was a very 
preliminary analysis on 18 patients to test whether Doppler vortography is 
clinically compliant. At this step of the project, our assertions (weaker mitral 
vortex and presence of the apical vortex in patients with cardiac disease) remain
hypothetical. It requires further confirmations by means of a prospective study in a 




sufficiently large group of subjects. This will assist us to better appreciate the 
potential clinical interest of Doppler vortography in detection and quantification of 
diastolic anterior and apical intra-ventricular vortices for the assessment of left 
ventricular function. 
5.2 Why using two-dimensional assumption?
In this study we deliberately selected the apical long-axis 3-chamber view to 
visualize and quantify the large vortical structures occurring in this plane for 
normal subjects and patients. This plane passes through the LV apex and the 
centers of the mitral and aortic valves. According to the literature, the intra-cardiac 
vortices have been previously detected in two dimensional visualization using 
echocardiography and conventional 2D cine PCMRI techniques. Although intra-
cardiac flow is known to be 3D, flow measurements with phased contrast MRI 
revealed that it can be simplified to a two dimensional planar flow in an apical 
long-axis view while obtaining the important parameters that reflect the 
hemodynamics of intra-ventricular flow [47, 137]. Thompson and McVeigh [137]
proposed a new method with PCMRI for fast non-invasive estimation of the intra-
cardiac pressure differences using only the in-plane velocity components. They 
showed that accurate acquisition of pressure differences within a slice of interest is 
guaranteed because the momentum fluxes normal to the plane of interest is 
negligible. By neglecting the contributions from the through-plane velocities in 2D
PCMRI imaging, fast acquisition and processing time with smaller data set along 
with a good spatial and temporal resolution is expectable. Phase-contrast MR 
studies have shown that the out-of-plane velocity components are small in the 
plane corresponding to the echo 3-chamber view [93, 138, 139]. Erikson et al. 
[138] developed a semi-automatic analysis for quantification of 4D ventricular 
flow pattern. Although, this 4D method can accurately measure the stroke volume 
and end diastolic volume, it is not a valid substitute technique for previous 2D cine 
through-plane phased-contrast MRI or ultrasound methods for the assessment of 
these parameters [138]. This method has been applied in patients with 
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compensated HF [139]. The corresponding results indicate that the accuracy of 4D 
PCMRI is constrained in the presence of eddies and vortex patterns in the flow. In 
addition, vortex patterns can be missed in four- and two-chamber views in some 
subjects [92]. A detailed comparison of 3D and 2D cine PCMRI performed in vivo
reveals that the 3D cine PCMRI provides slightly lower velocities [140]. This 
systematic underestimation is most likely due to lower spatial resolution in 3D 
cine PCMRI. In addition, Garcia et al. [63] developed a novel echocardiographic 
technique for imaging the blood velocities in the left ventricle based on a two 
dimensional assumption. Although intra-ventricular flows occur in three 
dimensions in space, they believe that the important flows are approximately 2D in 
the plane of interest (3-chamber view). 
The consensus from a majority of these independent studies is that the utilization 
of 2D imaging in particular apical long axis 3-chamber view is quite acceptable for 
the analysis of the main diastolic vortices. In addition, clinical and functional 
parameters of the flow dynamics within the LV can be evaluated using this typical 
two dimensional flow simplification. Although LV dynamics is undoubtedly three 
dimensional, we neglected the through-plane displacements and thus assumed that 
the main flow arrangements remain measurable in the 3-chamber view without 
significant loss of information. 
5.3 Technical limitations of the study
Because Doppler vortography is based on two-dimensional color Doppler, it is 
affected by common artifacts arising in Doppler ultrasound imaging such as 
aliasing, low SNR, low angular and temporal resolutions and clutter signals. As 
previously explained, the low frequency signals produced by low velocity 
structures are much stronger than the signals from the blood and must be removed 
and supressed by means of the clutter filtering. This high pass filter removes the 
low frequencies below a certain cut off frequency point.  However, inappropriate 
setting in clutter filtering may remove the signals from low velocity blood flow. In 
this study the default clutter filter, provided by the clinical GE ultrasound scanner 
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was used during the acquisitions in patients. Since we were interested in the 
frames with relatively high inflow velocities (E-wave), the cut off frequency point 
could not affect the results returned by Doppler vortography. Also, signal-to-noise 
ratio was high for most of cases during early filling. An unsupervised post-
processing technique developed by Muth et al. [127] was performed to dealiased 
and denoised the low SNR Doppler images with high accuracy. In addition, 
according to sampling theorem a signal can be reconstructed from its samples, if 
the sampling frequency is greater than twice the maximum frequency of the 
original signal. Hence, under-sampling could also hinder the vortex detection and 
quantification by Doppler vortography. The Doppler sector for each patient 
contained at least 50 scanlines and was set to cover the entire inner left ventricular 
cavity to ensure high-quality measures. It is known that the number of scanlines in 
a Doppler sector limits the frame rate and if a greater sector width is required in a 
few cases, it has to be compensated by lower frame rate. Therefore, high-quality 
images were sometimes at the expense of frame rate. However, low frame rates do 
not affect our technique by itself. It is worth mentioning that after some practice, 
the vortex region can be detected by an experienced eye which will definitely help 
to better adjust the Doppler sector. 
5.4 Future perspectives
5.4.1 Future validations
5.4.1.1 3D in vitro experiments
A 3D PIV setup will be used to validate whether Doppler vortography can 
quantify the vortices accurately and provide precise measures of core vorticities. 
Optical PIV and Doppler measurements will be performed in a ventricular 
phantom (ViVitro Labs Inc, Canada) under variable hemodynamic conditions. In 
this in vitro model, the LV wall will be compliant and transparent. A liquid made 
up of glycerol and saline water will be used to reproduce blood viscosity and 
density. Several ventricular geometries (various shapes and thicknesses) will be 
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designed to simulate normal and diseased ventricles. The intra-ventricular velocity 
field will be measured by means of the V3V system (TSI Inc., MN, USA) which is 
the only volumetric three components velocimetry system. The truly volumetric 
LV flow will be highlighted with double-pulse laser synchronized to a high speed 
camera for capturing two consecutive PIV frames. The image series will be 
processed using the TSI software package and 20 to 30 consecutive heart cycles 
will be considered to obtain ensemble average velocity fields. Color Doppler 
acquisitions will be performed immediately after PIV measurements. Echographic 
acquisitions of LV will be performed in the long-axis 3-chamber view from the 
apex using a portable Vivid i ultrasound scanner. The core vorticities measured by 
Doppler vortography will be compared with the ground-truth vorticities provided 
by optical PIV technique using the 8-points method (refer to section 3.1.2). The 
vortices provided by 3D PIV and Doppler vortography will also be compared in 
terms of the center position. Several physiological and pathophysiological 
conditions (stroke volume, peak LV pressure, heart rate, and ejection fraction) will 
be investigated. The ground-truth and vortography-derived vortex properties 
(position, vorticity) will be compared using standard statistical techniques. We 
anticipate that Doppler vortography will remain precise in 3D measurements.
5.4.1.2 Phased contrast MRI in volunteers and patients: Doppler 
vortography vs. MRI
MRI is the only modality that provides comprehensive and accurate three-
dimensional information on structural and flow dynamics within cardiac chambers. 
The potential error of the Doppler vortography technique related to the 2D flow 
assumption will be tested in a set of phase-contrast MRI studies in volunteers and 
patients with cardiac dysfunction. Three-dimensional velocity profile within the 
LV can be obtained by PCMRI. The vorticity obtained by Doppler vortography 
can be compared with vorticity obtained by the true velocity (3D) components 
provided by magnetic resonance imaging. The 2D assumption and neglecting the 
contributions from the through plane velocity components in Doppler vortography 
technique will also be tested. 
124
5.4.2 Clinical interest
5.4.2.1 Validations in animal models
To verify whether the vortex properties (core vorticity and presence of atypical 
votices) given by Doppler vortex flow imaging (Doppler vortography) can better 
predict the diastolic function, we need to validate and compare them against the 
gold-standard catheter-derived indices of left ventricular diastolic function in 
animal models. The pig model is one of the most widely used animal models in 
cardiac researches. In this study three groups of mini-pig (group 0: control, group 
1: chronic LV pressure overload and LV hypertrophy, and group 2: acute LV 
pressure overload) will be created. In this invasive technique, LV pressure-volume 
(PV) loops (refer to section 1.2.1.1.1) will be acquired using a pressure 
conductance catheter inserted invasively from the right carotid artery. The most 
common gold-standard indices of LV diastolic function such as end diastolic
pressure volume relationship (EDPVR) and chamber stiffness will be determined 
by Matlab home-made programs. Echocardiographic measurements will be 
performed using a portable Vivid i system and a 1.5-4 MHz phased array probe. 
To obtain optimal ultrasound signals and to avoid the strong attenuation due to pig 
skin, the abdominal cavity will be accessed by laparotomy and the probe will be 
placed against the diaphragm. The proposed vortex imaging parameters (core 
vorticity and position) will be assessed in all groups along with systolic and 
diastolic functions (i.e. E/A, Vp, E/Vp (Hƍ« 7KH YRUWLFLWLHV HVWLPDWHG E\
Doppler vortography will be compared with the catheter-based indices of diastolic 
function. To check whether vortography-derive mitral and apical vorticities can be 
used as non-invasive indices of diastolic function, these parameters will be 
compared with the gold-standard catheter-based indices of diastolic state such as 
EDPVR and chamber stiffness. We expect that the mitral vortices should decrease
in groups 1 and 2. In addition, we anticipate that an apical vortex will be also 
present in hypertrophic pigs. 
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5.4.2.2 Prospective clinical study in hypertensive patients
The major limitation of this study was due to the small population size. Further 
clinical studies in larger populations are necessary to investigate the reliability of 
Doppler vortography in the assessment of diastolic dysfunction. A large spectrum 
of diastolic dysfunction including hypertensive patients must be considered to 
compare the potential clinical significance of Doppler vortography technique 
which is based on vortex imaging with common clinical parameters used for the 
assessment of ventricular diastolic function. The vortex formation time (VFT) 
could be also measured using the echo parameters described in section 2.1.4.1. In 
addition, the chamber quantification and diastolic and systolic functions such as 
LV dimensions, LV end diastolic volume, EF, mitral inflow pattern, E wave 
SURSDJDWLRQ YHORFLW\ DQG YHORFLW\ RI PLWUDO DQQXODU PRYHPHQW Hƍ GXULQJ HDUO\
diastole must be assessed. Moreover, mitral inflow propagation velocity (Vp) must 
also be estimated using color M-mode Doppler (refer to section 1.2.1.1). In this 
prospective study two parameters must be evaluated using our vortex imaging 
tool: the presence or not of the apical vortex and the vorticity and size of the mitral 
and apical vortices. In addition to proposed vortex imaging parameters (core 
vorticity and position), chamber quantification as well as systolic and diastolic 
functions (i.e. E/A, E/Vp (Hƍ« will be assessed to check if the proposed 
parameters can better predict occurrence of LV diastolic dysfunction.
5.4.3 3D Doppler vortography
Three-dimensional echocardiography has emerged as an accurate, non-invasive 
and clinically compliant technique to quantify the left ventricular function and 
heart chamber volumes. However, it requires respiratory gated (breath hold) 
sequential imaging, or the use of a matrix phased array transducer [141]. It is also 
required that the cardiac rhythm and heart function stay stable during acquisition, 
therefore the spatial and/or temporal resolution of 3D ultrasound remain low 
which limits the image quality. Besides, 3D echocardiography is time consuming 
which constrains its routine clinical applications for diagnosis and assessment of 
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the cardiac function. Recent advancements in ultrasound vastly ameliorated the 
temporal and spatial resolutions of ultrasound devices, and it is anticipated that the 
real-time high-resolution 3D echocardiography will become a widespread routine 
clinical practice in the near future [142, 143]. It should be pointed out that,
although Doppler vortography has focused on 2D echocardiographic vortex 
imaging, this technique may be upgraded to a three-dimensional ultrasound 
modality in future to potentially improve its diagnostic accuracy in clinical 
applications.
5.4.4 Develop a user-friendly software
Finally, it is required to improve Doppler vortography technique in order to 
prepare a complete and user-friendly software for Doppler vortex imaging 
(Doppler vortography) which will be vastly utilized in daily clinical practice. This 
software will be easily used by clinicians for a thorough quantification of intra-
cardiac vortices and to improve the assessment of left ventricular diastolic function 
based on conventional Doppler images only.
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CHAPTER 6 CONCLUSION
In this research project, Doppler vortography as a new echocardiographic tool for 
fast-and-easy intra-ventricular vortex quantification in daily clinical practice has 
been validated. Numerical and experimental studies were performed to validate 
Doppler vortography technique and analyze the effects of the transducer position 
and the size of the kernel filter. In the next step, as a preliminary analysis Doppler 
vortography was tested in 18 subjects belonging to two different groups (9 normal 
and 9 hypertensive patients). The vorticity of the mitral anterior vortex was 
calculated and compared. Also Doppler vortography was used to test whether an 
extra apical vortex is present in case of cardiac dysfunction. The vortex 
measurements were performed by a blinded operator. It has been demonstrated 
that Doppler vortography can accurately estimate the core vorticities of mitral and 
apical vortices within the LV. Our preliminary results display the feasibility of the 
in silico, in vitro and clinical studies described in this study. According to our 
promising findings, it is very likely that Doppler vortex imaging by Doppler 
vortography could expand the diagnostic value of echocardiography. More 
importantly, Doppler vortex imaging has the potential to significantly improve the 
assessment of left ventricular diastolic function, which presently can remain very 
challenging. This interface is clinically compliant, user independent, and non-
invasive. It can be easily implemented for routine checks to recognize ventricular 
insufficiency. Also Doppler vortography has the ability to identify abnormal blood 
patterns at early stages of heart failure to decrease the morbidity of cardiac disease.
At this stage of the research study, our assertion regarding the presence of the 
additional vortex near the apex is hypothetical. It is essential to increase the 
population size for future work to enable stronger conclusions regarding the apical 
vortex. A prospective study on a larger population size will help us to better 
specify the potential clinical relevance of Doppler vortography in ventricular 
function especially in diastology.
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Appendix 1 – Proceeding article [71]
Abstract — It has been speculated that the natural swirling 
flow that occurs in the normal left ventricle (LV) during LV fil-
ling is optimized in terms of fluid energy dissipation. In vivo fin-
dings also revealed the formation of additional counter-rotating 
vortices in the presence of cardiac disease. Such unnatural vorti-
ces may significantly impair the LV function due to important ki-
netic dissipation. We propose a new method for quantification of 
intracardiac vorticity – Doppler vortography – based on conven-
tional Doppler images only. 
Doppler vortography relies on the centrosymmetric properties 
of the vortices. Such properties induce particular symmetries in 
the Doppler flow data which can be exploited to describe the vor-
tices quantitatively. For this purpose, a kernel filter was develo-
ped to derive a parameter, the blood vortex signature (BVS), that 
allows detecting the main intracardiac vortices and estimating 
their core vorticities. The reliability of BVS measured by Doppler 
vortography was assessed in mock Doppler vortical fields and 
compared with the ground-truth vorticity mapping. Doppler vor-
tography was also tested in healthy subjects and patients. 
The simulation and in vitro results demonstrated that Doppler 
vortography is a highly reliable technique for the detection and 
quantification of the intraventricular vortices. The diastolic BVS 
measured in the echographic laboratory, at the end of the LV 
early filling, revealed the presence of retrograde vortices in pa-
tients with cardiac disease. 
Doppler vortography is a promising echocardiographic tool 
for quantification of vortex flow in the left ventricle. Our findings 
suggest that Doppler vortography potentially has relevant clinical 
interest for the assessment of LV diastolic function. 
Index terms — Blood vortex signature, Doppler vortography, 
Intracardiac vortices, Vorticity 
I. INTRODUCTION 
ITHIN the left ventricle (LV) of a normal heart, dias-
tolic filling is characterized by the formation of an asy-
mmetric swirling motion [1]-[3]. A large diastolic vortex that 
forms adjacent to the anterior mitral valve leaflet swirls in the 
natural flow direction and then helps to redirect blood towards 
This work was supported by the Canadian Institutes of Health Research 
(CIHR) under grant MOP-106465 and by the Heart and Stroke Foundation of 
Québec (HSFQ). 
F. M., S. M. and D.G. (corresponding author) are with the RUBIC – 
Research Unit of Biomechanics and Imaging in Cardiology, CRCHUM – 
Research Centre, University of Montreal Hospital, Montreal, QC, Canada 
G.C. and  L. A. are with the LBUM – Laboratory of Biorheology and Medi-
cal Ultrasonics, CRCHUM – Research Centre, University of Montreal Hospi-
tal, Montreal, QC, Canada 
the outflow tract during systole. Accordingly, recent nume-
rical, in vitro and in vivo observations suggest that these vor-
tex patterns minimize the fluid energy dissipation and opti-
mize the LV myocardial efficiency [1], [4]. Vortices that form 
during LV filling thus have specific geometries and locations 
which could be determinant factors of the heart function [5], 
[6]. In patients with abnormal heart function, like acute myo-
cardial infarction, there is an impairment of the wall motion 
that may disturb the flow and thus affect the geometry of the 
diastolic vortices. In addition, retrograde (counter-rotating) 
apical vortices may appear in the apex in early stages of heart 
failure [7]. As a result of this abnormal vortex formation, an 
increase in fluid energy dissipation is expected to occur, which 
may result in a significant increased cardiac work and oxygen 
demand. Besides phase-contrast MRI, one technique has been 
used to quantify the vortices in the LV: optical flow carried 
out on B-mode frames (echo-PIV) [8], [9]. Echo-PIV requires 
continuous intravenous injection of contrast agent to acquire 
intensity images suited for the cross-correlation algorithm. 
Due to the unstable property of bubble aggregates in the LV, a 
complex fine-tuning of the contrast infusion before image 
acquisition is required, which seriously limits the application 
of echo-PIV in the clinical practice. Another recent method 
used to investigate vorticity is vector flow mapping (VFM) 
which estimates velocity vectors from color Doppler dataset 
[7], [10]. In this approach, two-dimensional assumptions are 
used to develop a 2-D vector field distribution by deducing the 
angular velocity components. The clinical potential of these 
promising methods are still under investigation. 
Fig. 1. A) Single large vortex (thick arrowed streamlines) and corresponding 
Doppler field; the phased-array transducer is at the top. B) Corresponding 
blood vortex signature (BVS); the BVS amplitude is maximal at the center of 
the vortex. 
The objective of this study was to propose a new echocar-
diographic methodology, called Doppler vortography, for a 
thorough quantification of intracardiac vortices based on con-
ventional Doppler images only. Based on symmetric proper-
ties observed in the Doppler field in the presence of vortices, 
we propose an index called “blood vortex signature” (BVS) 
obtained using a specific covariance-based kernel filter. This 
method can be easily implemented for routine checks to reco-
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gnize abnormal blood flow patterns at early stages of heart fai-
lure and to potentially provide an early marker of ventricular 
insufficiency. This manuscript mainly focuses on the valida-
tion of Doppler vortography and the estimation of the core 
vorticity by means of numerical and PIV (particle image velo-
cimetry) data. Some preliminary results issued from healthy 
subjects and patients with heart disease are illustrated and dis-
cussed in the last section. 
II. METHOD
In this section, we describe a new echocardiographic metho-
dology – that we called Doppler vortography – for detecting 
and quantifying the vortices that form in the left ventricle 
during diastolic filling. Because this technique makes use of 
the conventional Doppler velocities only, Doppler vortography 
is fast, clinically-compliant and does not require any specific 
clinical adjustments. Assuming that the vortices are nearly axi-
symmetric, the vorticity – which describes the local rotational 
characteristics of the fluid – is estimated at the center of the 
detected vortices. In the following, since this manuscript 
focuses on ultrasound cardiac imaging only, the Doppler data 
are represented in a polar coordinate system (r,θ) whose origin 
is given by the central location of the phased-array transducer. 
In this configuration, the Doppler velocities thus represent the 
radial components of the velocity field. 
Fig. 2. Basic concept of the blood vortex signature (BVS). R and sgn stand for 
the ramp and sign functions, respectively. Top panels: raw Doppler data in the 
Cartesian (left) and polar (right) coordinate systems. 
A. Blood vortex signature (BVS) 
By definition, a vortex is a fluid pattern that has a rapid 
swirling motion around its center. As a phased-array cardiac 
probe scans across the core of a vortex whose diameter is 
significantly larger than the ultrasound beam width, the Dop-
pler velocities can provide a good representation of the velo-
city distribution across the vortex. Due to the centrosymmetric 
properties of a vortex, scanning such a flow pattern yields a 
scanline of zeroes surrounding by two maxima of opposite 
signs, as portrayed in Fig. 1A. Because of the nearly rotational 
symmetry of a vortex, it can also be noticed that flipping left 
to right a small kernel centered on the vortical core mostly 
modifies its sign only. Mathematically speaking, if (rc,θc) 
denote the coordinates of the vortex center, the Doppler 
velocities VD at the vicinity of (rc,θc) follow an odd function 
with respect to the angular component: 
( ) ( )θθθθ −−=− cc ,, rVrV DD , if  r ≈ rc and θ ≈ θc. (1) 
Using this property, we can define the blood vortex signature 
(BVS). For this purpose, we now consider VD as a matrix array 
so that VD ij = (rij,θij). Let Wij represent a small window cen-
tered on (rij,θij). The BVS parameter is given by: ( )( )( ) ijijijij fliplr,covRBVS SWW ×−= , (2) 
where R stands for the ramp function (i.e. R(x) = x, if x≥0; = 0 
if x<0) and “fliplr” represents a matrix operator that flips the 
columns in the left-right direction. The scalar Sij (= 1 or -1) 
reflects the direction (trigonometric vs. clockwise) of the vor-
tex and can be easily calculated using a simple linear convo-
lution. The BVS concept is depicted in Fig. 2. Due to the 
covariance measure in (2), the blood vortex signature is 
expected to have a high amplitude at the vicinity of a vortex 
and reaches a local extremum at its center. As an example, 
Fig. 1B illustrates the BVS related to the Doppler field repre-
sented in 1A. It can be noticed that the BVS amplitude is 
maximal at the core of the vortex. 
Fig. 3. A) Numerical model: a vortex pair is scanned with a cardiac probe. B) 
Corresponding Doppler velocities (without additive noise). C) Vorticity map 
(reference) calculated from the original vector flow field. 4) BVS map related 
to the Doppler field in 3.B.  
B. Estimation of the core vorticity 
As claimed in the previous paragraph, the BVS reaches a 
relative extremum at the center of a vortex. Measuring BVS 
by Doppler vortography may thus allow one to detect the vor-
tical structures that form in the left ventricle during early fil-
ling. According to the recent literature devoted to the diastolic 
flow patterns, an accurate quantification of the intraventricular 
vortices could be of high clinical relevance, especially in acute 
myocardial infarction. A vortex can be mainly described by its 
core vorticity that is the vorticity at the center of the vortex, 
i.e. where the velocity vanishes. By definition, the vorticity in 









w 1 . (3) 
Because Doppler echocardiography provides the radial velo-
city component only (i.e. Vr = -VD), the expression (3) is of no 
use in the clinical context. Assuming now that the vortex is 
nearly axisymmetric, one has, at the center of the vortex: 
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, for (r,θ) = (rc,θc). (4) 













∂−= . (5) 
C. Numerical analyses using mock Doppler fields 
In order to quantify its accuracy, Doppler vortography was 
tested on 200×64 (i.e. 64 scanlines and 200 depth steps) mock 
Doppler fields with additive noise. The original Doppler velo-
city field (VD 0) was obtained by zeroing the angular velocity 
components of a vortex pair (see Fig. 3A-B). VD 0 was corrup-
ted by a zero-mean Gaussian white noise with a velocity-dep-
endent local variance: 
)1,0(00n Ν+= DDD VVV α , (6) 
where VD n represents the noisy Doppler velocity field, and 
α is a positive scalar that regulates the amount of noise. Thirty 
noisy configurations were tested, with α linearly spaced 
between 0 (SNR = +∞) and 0.725 (SNR = 3 dB). Five hundred 
Doppler fields were simulated based on a Monte-Carlo me-
thod for each of these configurations. The BVS was calculated 
in all these corrupt fields using equation (2) with a kernel size 
of 15×9 (see Fig. 3D). The local extrema of the two main BVS 
patches (Fig. 3D) were detected and the core vorticities were 
estimated using equation (5) after a prior unsupervised smoo-
thing of the noisy Doppler field [11]. The Doppler-derived 
core vorticities were compared with those estimated from the 
original vector flow field (Fig. 3C) using the normalized root 
mean squared error. The relative errors on the vortex positions 
were also calculated. 
Fig. 4. PIV-derived vorticity vs. Blood vortex signature in a left heart model.  
D. In vitro analyses based on PIV experimentation in a left 
heart model 
In vitro experiments were performed using an atrioventricular 
dual activation pulse duplicator (ESIL, Marseilles, France). As 
previously described in [7], this in vitro model consists of ven-
tricular and atrial activation boxes, systemic and pulmonary 
circulation models, and a computerized driving interface [12]. 
The left heart cavities are compliant and transparent. A liquid 
made of 40% glycerol and of 60% saline water was used as a 
blood substitute. The in vitro system was set to simulate 3 dif-
ferent hemodynamic conditions: heart rate (bpm) / stroke vo-
lume (mL) = 60/65, 80/60 and 100/75. The velocity field wi-
thin the ventricular cavity was measured using particle image 
velocimetry (PIV). The laser plane cut the mitral and aortic 
valve planes as well as the apex to simulate an apical long-axis 
view. Neutrally-buoyant Nylon particles, with a mean diame-
ter of 15-20 µm were used as markers. The image series were 
processed with a standard commercial software package 
(Insight3G, TSI Inc., Shoreview, MN) using interrogation 
windows of 64×64 pixels, providing a spatial resolution of 
2×2 mm2. Ensemble average velocity fields were obtained 
using 30 consecutive heart cycles. The PIV data were valida-
ted by means of an unsupervised regularizer [13] and the vor-
ticity was estimated using the 8-point method [14] (see Fig. 4). 
Using these original PIV fields, 200×64 mock Doppler fields 
were simulated with the transducer located at the apical posi-
tion (Fig. 4). As performed with the numerical simulations 
(see section I.C), the BVS was calculated using equation (2) 
with a kernel size of 15×9 (an example is given in Fig. 4). The 
local extremum of the BVS patch corresponding to the main 
diastolic vortex (see Fig. 4) was detected and the core vorticity 
was estimated using equation (5). The Doppler vortography-
derived core vorticities (Eq. 5) were compared with those 
measured from the original PIV field (8-point method) using a 
standard linear regression. This analysis was performed on the 
frames related to diastolic filling only (total = 14 frames). 
Fig. 5. Validation of Doppler vortography using mock Doppler fields in a 
vortex pair pattern. SNR stands for signal-to-noise ratio. The thick lines 
represent the median values. The gray areas delineate the 25th and 75th per-
centiles. Left panel: errors on core vorticities estimated by Doppler vortogra-
phy. Right panel: errors on vortex positions estimated from the BVS extrema.  
III. RESULTS
The numerical analyses issued from the vortex pair (see 
section I.C) show that Doppler vortography (Eq. 5) slightly 
overestimated (12%) the core vorticities without additive noise 
(Fig. 5, left). Due to some smoothing effect, this error dec-
reased as the SNR decreased and significant underestimation 
appeared when the Doppler field became highly corrupted 
(SNR<10 dB). As expected, the errors on vortex position as 
determined by the BVS extrema increased when the SNR 
decreased (Fig. 5, right). However, the vortex core detection 
by Doppler vortography remained highly accurate even with 
extremely noisy Doppler fields (errors < 2.5%). The numerical 
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analyses performed on an ideal vortex pair pattern thus show 
that Doppler vortography is robust to noise and may provide 
accurate detection (error < 5%) and quantification (error < 
15%) of the vortical structures. Regarding the mock Doppler 
fields issued from the PIV data, a high correlation was obser-
ved (ρ = 0.95, p < 10-6) between the ground-truth PIV- and 
Doppler-derived core vorticities (i.e. 8-point method vs. Eq. 5, 
see Fig. 6). As with the numerical simulations (Fig. 5, left), a 
systematic overestimation, however, was observed (Fig 6). 
These results show that Doppler vortography can provide an 
accurate surrogate of core vorticity in the left ventricle. 
Fig. 6. Validation of Doppler vortography in an in vitro left heart model. The 
Doppler vortography-derived core vorticities were highly correlated with the 
PIV-derived vorticities (ρ is the Pearson's correlation coefficient, n = 14).  
IV. DISCUSSION AND PERSPECTIVES
Detection and quantification of the left intraventricular vor-
tices that emerge during early filling could be of high clinical 
interest in the study of LV function.  Numerical results based 
on realistic mock Doppler fields clearly demonstrated that 
Doppler vortography can provide reliable measures of left 
ventricular vortices. As a very preliminary analysis, to test 
whether this technique is readily applicable in the clinical con-
text, Doppler vortography was performed on five young heal-
thy subjects using a GE Vivid E9 and on five patients with 
cardiac disease. BVS mapping revealed the presence of an 
anterograde vortex in contact with the anterior mitral valve 
leaflet (“A vortex”, Fig. 7) at the end of the LV early filling 
both in healthy subjects and patients. This vortex was weaker 
in the patients with severe heart dysfunction (e.g. patient #2, 
Fig. 7) probably due to an impaired left ventricular filling. The 
vortex adjacent to the posterior mitral valve leaflet was not 
always visible depending on the cross-sectional view. An 
atypical retrograde (counter-rotating) vortex was present in the 
apex of all of the patients (Fig. 7). Such an abnormal vortex 
very likely affects the left ventricular myocardial efficiency. 
We believe that the presence of an apical counter-rotating 
vortex, as revealed by Doppler vortography, should be an ear-
ly marker of left ventricular dysfunction. A quantitative analy-
sis of the anterior and apical vortices by estimating their vor-
ticity and radius could help to better assess the heart function 
in the echocardiography laboratory. 
Fig. 7. Blood vortex signature measured by Doppler vortography in three sub-
jects. “A vortex” means the vortex near the anterior mitral valve leaflet. 
REFERENCES 
[1] P. J. Kilner, G. Z. Yang, A. J. Wilkes, R. H. Mohiaddin, D. N. Firmin 
and M. H. Yacoub, “Asymmetric redirection of flow through the heart,” 
Nature, vol. 404, pp. 759–761, Apr. 2000. 
[2] O. Rodevand, R. Bjornerheim, T. Edvardsen, O. A. Smiseth and H. 
Ihlen, “Diastolic flow pattern in the normal left ventricle,” J. Am. Soc. 
Echocardiogr., vol. 12, pp. 500–507,  1999. 
[3] M. Gharib, E. Rambod, A. Kheradvar, D. J. Sahn and J. O. Dabiri, 
“Optimal vortex formation as an index of cardiac health,” P. Natl. Acad. 
Sci. USA, vol. 103, no. 16, pp. 6305–6308, 2006. 
[4] G. Pedrizzetti and F. Domenichini, “Nature optimizes the swirling flow 
in the human left ventricle,” Phys. Rev. Lett., vol. 95, pp. 108101-1–
108101-4, 2005. 
[5] G. Nucifora, V. Delgado, M. Bertini, N. A. Marsan, N. R. Van de Veire, 
A. C. T. Ng et al., “Left ventricular muscle and fluid mechanics in acute 
myocardial infarction,” Am. J. Cardiol., vol. 106, pp. 1404–1409,  2010. 
[6] G. R. Hong, G. Pedrizzetti, G. Tonti, P. Li, Z. Wei, J. K. Kim et al., 
“Characterization and quantification of vortex flow in the human left 
ventricle by contrast echocardiography using vector particle image 
velocimetry,” J. Am. Coll. Cardiol. Img., vol. 1, pp. 705–717,  2008. 
[7] D. Garcia, J. C. del Álamo, D. Tanné, R. Yotti, C. Cortina, E. Bertrand 
et al., “Two-dimensional intraventricular flow mapping by digital 
processing conventional color-Doppler echocardiography images,” IEEE 
T. Med. Imaging, vol. 29, pp. 1701–1713, 2010. 
[8] A. Kheradvar, H. Houle, G. Pedrizzetti, G. Tonti, T. Belcik, M. Ashraf 
et al., “Echocardiographic particle image velocimetry: a novel technique 
for quantification of left ventricular blood vorticity pattern,” J. Am. Soc. 
Echocardiogr., vol. 23, pp. 86–94, 2010. 
[9] P. Sengupta, B. K. Khandheria, J. Korinek, A. Jahangir, S. Yoshifuku, I. 
Milosevic et al., “Left ventricular isovolumic flow sequence during sinus 
and paced rhythms. New insights from use of high-resolution Doppler 
and ultrasonic digital particle image velocimetry,” J. Am. Coll. Cardiol., 
vol. 49, no. 8, pp. 899–908, 2007. 
[10]  T. Uejima, A. Koike, H. Sawada, T. Aizawa, S. Ohtsuki, M. Tanaka et 
al., “A new echocardiographic method for identifying vortex flow in the 
left ventricle: numerical validation,” Ultrasound Med. Biol., vol. 36, no. 
5, pp. 772–788, 2010. 
[11] S. Muth, S. Dort, I. A. Sebag, M. J. Blais, D. Garcia, “Unsupervised 
dealiasing and denoising of color-Doppler data,” Med. Imag. Anal., vol. 
15, pp. 577–588, 2011. 
[12] D. Tanné, E. Bertrand, L. Kadem, P. Pibarot, R. Rieu, “Assessment of 
left heart and pulmonary circulation flow dynamics by a new pulsed 
mock circulatory system,” Exp. Fluids, vol. 48, pp. 837–885, 2010. 
[13] D. Garcia, “A fast all-in-one method for automated post-processing of 
PIV data,” Exp. Fluids, vol. 50, pp. 1247–1259, 2011. 
[14] M. Raffel, C. Willert, S. Wereley, J. Kompenhans, “Post-processing of 
PIV data,” in Particle image velocimetry, 2nd ed., Springer, 2007, pp. 
177–208. 
1253 2011 IEEE International Ultrasonics Symposium Proceedings
xxi
Appendix 2 – Journal article [144]
Ultrasound in Med. & Biol., Vol. 40, No. 1, pp. 210–221, 2014
Copyright  2014 World Federation for Ultrasound in Medicine & Biology
Printed in the USA. All rights reserved
0301-5629/$ - see front matter
/j.ultrasmedbio.2013.09.013http://dx.doi.org/10.1016d Original Contribution
DOPPLER VORTOGRAPHY: A COLOR DOPPLER APPROACH
TO QUANTIFICATION OF INTRAVENTRICULAR BLOOD FLOW VORTICES
FOROUGH MEHREGAN,*y FRANC¸OIS TOURNOUX,z STEPHAN MUTH,*y PHILIPPE PIBAROT,x REGIS RIEU,k
GUY CLOUTIER,y{# and DAMIEN GARCIA*y#
*RUBIC, Research Unit of Biomechanics & Imaging in Cardiology, University of Montreal Hospital, Montreal, QC, Canada;
yCRCHUM, Research Center, University of Montreal Hospital, Montreal, QC, Canada; zDepartment of Echocardiography,
CHUM, University of Montreal Hospital, Montreal, QC, Canada; xDepartment of Medicine, Laval University and Quebec Heart
& Lung Institute, Laval University, Montreal, QC, Canada; kAix-Marseille University, CNRS, UMR 7287, ISM, GIBOC,
Marseille, France; {LBUM, Laboratory of Biorheology and Medical Ultrasonics, University of Montreal Hospital, Montreal,
QC, Canada; and #Department of Radiology, Radio-Oncology and Nuclear Medicine and Institute of Biomedical Engineering,
University of Montreal, Montreal, QC, Canada
(Received 18 June 2013; revised 5 September 2013; in final form 9 September 2013)Abstract—We propose a new approach to quantification of intracardiac vorticity based on conventional color 
Doppler images —Doppler vortography. Doppler vortography relies on the centrosymmetric properties of the 
vortices. Such properties induce particular symmetries in the Doppler flow data that can be exploited to describe 
the vortices quantitatively. For this purpose, a kernel filter was developed to derive a parameter, the blood vortex 
signature (BVS), that allows detection of the main intracardiac vortices and estimation of their core vorticities. 
The reliability of Doppler vortography was assessed in mock Doppler fields issued from simulations and in vitro 
data. Doppler vortography was also tested in patients and compared with vector flow mapping by echocardiog-
raphy. Strong correlations were obtained between Doppler vortography-derived and ground-truth vorticities (in 
silico: r2 5 0.98, in vitro: r2 5 0.86, in vivo: r2 5 0.89). Our results indicate that Doppler vortography is a poten-
tially promising echocardiographic tool for quantification of vortex flow in the left ventricle.   2014 World 
Federation for Ultrasound in Medicine & Biology.
Key Words: Doppler echocardiography, Intraventricular blood flow, Vortex imaging, Vorticity, Doppler vortogra-
phy, Vector flow mapping.INTRODUCTION
Within the left ventricle of a normal heart, diastolic filling
is characterized by the formation of a swirling motion
during early filling (Gharib et al. 2006; Kilner et al.
2000; Toger et al. 2012): A large diastolic vortex forms
adjacent to the anterior mitral valve leaflet and rotates
in the natural flow direction. In the normal heart,
a large part of the left ventricular (LV) blood volume is
actually involved in the vortex formation. Because
flowing blood keeps moving at the end of diastole, flow
transition to ejection is ensured, which makes systole
tightly coupled with diastolic filling (Carlhall and210Bolger 2010; Chan and Veinot 2011). Accordingly,
recent in vitro and in vivo observations suggest that the
normal vortex pattern might minimize the fluid energy
dissipation and optimize LV myocardial efficiency
(Charonko et al. 2013; Domenichini et al. 2007; Kilner
et al. 2000; Pedrizzetti and Domenichini 2005).
Vortices that form during LV filling thus have specific
geometries and locations, which could be determinant
factors of heart function (Hong et al. 2008; Nucifora
et al. 2010). In patients with abnormal heart filling,
there is an impairment of the wall/fluid dynamics that
may disturb the flow patterns and, thus, affect the
diastolic vortical structures (Nucifora et al. 2010). Reli-
able tools for imaging the intraventricular flow arrange-
ments could be of major clinical interest for a better
assessment of LV diastolic function. Comprehensive
intracardiac velocity mapping can be measured by
phase-contrast magnetic resonance imaging (MRI).
Doppler vortography d F. MEHREGAN et al. 211Acquisition of 3-D cine phase contrast velocity data
can indeed provide time-resolved characterization
of blood flow in the left ventricle (Eriksson et al.
2010; Markl et al. 2011; Mohiaddin 1995; Toger et al.
2012; Wigstrom et al. 1999). MRI, however, is
difficult to implement in routine practice because of
limited accessibility and cost. Besides MRI, several
echocardiographic techniques have been proposed in
the last two decades to make vortex imaging more
easily available for clinical daily practice. So far, four
principal echocardiographic techniques have been
described:
1. The earliest echographic studies regarding diastolic
flow patterns are those based on observations from
2-D color Doppler and color M-mode echocardiog-
raphy (Delemarre et al. 1990; Rodevand et al. 1999;
Van Dantzig et al. 1995). Normal and abnormal
flows were defined qualitatively according to the
diastolic arrangements of the Doppler spectrum
waveforms or of the red/blue-encoded Doppler veloc-
ities in the left ventricle. No quantitative measures of
the vortices, however, were proposed.
2. Vortex formation time (VFT) has recently been
proposed as an echocardiographic parameter to quan-
tify the formation of LV vortices. VFT is a non-
dimensional index that characterizes the optimal
conditions leading to vortex formation (Dabiri and
Gharib 2005). It has also been claimed to be an index
of cardiac function (Gharib et al. 2006). Recent clin-
ical studies in acute cardiomyopathy have reported
that VFT is reduced with impaired relaxation
(Jiamsripong et al. 2009; Kheradvar et al. 2012;
Nucifora et al. 2010; Poh et al. 2012). The VFT
index, however, is simply a surrogate parameter that
is calculated from standard echographic measures
(stroke volume, mitral valve diameter, E and A
waves). As a consequence, similarly to these
standard parameters, it is expected that the VFT
index may lack consistency in some situations.
Whether this index is of clinical interest still remains
questionable (Stewart et al. 2012).
3. Echo-particle image velocimetry (echo-PIV) is an effi-
cient echographic tool for intraventricular velocity
mapping (Cimino et al. 2012; Hong et al. 2008;
Prinz et al. 2012). This technique, applied to
contrast-enhanced echocardiographic images, is able
to track ultrasound speckle displacements to estimate
blood motion within the image plane (Gao et al. 2012;
Kim et al. 2004). Recent studies have focused on LV
vortex quantification by echo-PIV (Cimino et al.
2012; Faludi et al. 2010; Hong et al. 2008; Sengupta
et al. 2012). This technique requires a continuous
intravenous injection of contrast agent to reach animage quality suitable for motion tracking (Gao
et al. 2012), seriously limiting the application of
echo-PIV in daily clinical practice.
4. Cardiac Doppler vector flowmapping (VFM) is a tech-
nique based on 2-D color Doppler images and, thus,
can be easily used for clinical applications. In the
VFM approach, 2-D assumptions are used to develop
an intracardiac vector distribution by deducing the
velocity components perpendicular to the ultrasound
beam within the entire Doppler field. Several tech-
niques for intraventricular VFM have been recently
been proposed (Arigovindan et al. 2007; Garcia
et al. 2010; Uejima et al. 2010). Preliminary studies
indicated promising results regarding the feasibility
of LV vortex quantification in patients by VFM
(Chen et al. 2012; Hendabadi et al. 2013; Lu et al.
2012; Zhang et al. 2012). Additional studies are still
required to determine the accuracy and clinical
reproducibility of Doppler VFM.
The new technique we propose—Doppler vortogra-
phy—has been developed specifically to detect and quan-
tify the intraventricular vortices that form during LV
filling. Doppler vortography targets mainly particular
local flow patterns present in the Doppler field using
a fast detection algorithm. To detect and quantify the
vortices, we propose an index called the ‘‘blood vortex
signature’’ (BVS), obtained using a specific covariance-
based kernel filter. This approach is thoroughly described
in the next section. It is shown that Doppler vortography
can estimate core vorticities accurately and that the
results are concordant with those obtained by the vector
flow mapping method.METHODS
We here derive a new echocardiographic method-
ology, Doppler vortography, for detecting and quanti-
fying the large-scale vortices that form in the left
ventricle during diastolic filling. Figure 1 is a schematic
example of vortex detection and quantification by
Doppler vortography. As seen in this figure, for the partic-
ular case of a single large vortex, color Doppler exhibits
an obvious antisymmetric imprint: negative mirror
symmetry occurs with respect to the scan line crossing
the vortex center. This anti-symmetry can also be used
to detect intraventricular vortices. The Doppler vortogra-
phy modality for intraventricular vortex imaging and the
resulting BVS are described further below. In silico and
in vitro studies were performed to validate the proposed
technique and analyze the effects of transducer position
and BVS filter kernel size. Doppler vortography was
finally compared with VFM in patients using the VFM
technique described by Garcia et al. (2010).
Fig. 1. Basic concept of Doppler vortography. For a single large
vortex, color Doppler exhibits negative mirror symmetry with
respect to the scan line crossing the vortex center (top). The
proposed parameter, ‘‘blood vortex signature,’’ allows detection
of the vortex center from this antisymmetric property (bottom)
(see also Fig. 2).
212 Ultrasound in Medicine and Biology Volume 40, Number 1, 2014Assuming that the vortices are nearly axisymmetric
around their center, the vorticity, which describes the
local rotational characteristics of the fluid, is estimated
at the core of the detected vortices. In the following,
because we focus on ultrasound cardiac imaging, the
Doppler data are represented in a polar coordinate system
(r, q) whose origin is related to the location of the phased-
array transducer. In this configuration, the Doppler veloc-
ities are thus given by the radial components of the
velocity field.Theoretical concept of Doppler vortography
A vortex is a particular flow arrangement that has
a rapid swirling motion around its center. It is character-
ized mainly by its core vorticity, which somewhat reflects
the ‘‘strength’’ of the spinning flow. As an ultrasound
probe scans across a vortical flow whose scale is signifi-
cantly larger than the ultrasound beam width, the Doppler
field is characterized by a specific configuration that can
be exploited to describe the vortex quantitatively:
because of the centrosymmetric nature of a vortex, scan-
ning such a flow pattern yields mainly a scan line of
zeroes surrounded by two maxima of opposite signs
(Fig. 1). Doppler vortography simply relies on this
antisymmetric property. Because of the nearly rotational
symmetry of a vortex, it is also noted that flipping left to
right a small kernel centered on the vortical core mostly
modifies its sign only (Fig. 1). Mathematically speaking,
if (rc, qc) denotes the polar coordinates of the vortex
center, the Doppler velocities VD about (rc, qc) nearlyfollow an odd function with respect to the angular
component:
VDðr; q2qcÞz2VDðr;2ðq2qcÞÞ if rzrc and qzqc:
(1)
To detect the locations (rc, qc) of the vortex cores,
one can seek the regions where the Doppler velocity
follows eqn (1). For this purpose, we developed a simple
kernel filter that returns a parameter (BVS) that reaches
an extremum at a vortex core. We recall that we work
on a regular polar grid (ri, qj)i 5 1.M, j 5 1.N, where
M 3 N is the size of the raw Doppler field (Fig. 2). Let
wijD represent a block of size (2m 1 1) 3 (2n 1 1)
centered on (ri, qj) and given by
wijD5 ½VDðrk; qlÞk5 i2m.i1m;l5 j2n.j1n: (2)







where R and cov stand for the ramp and covariance func-
tions, respectively. The operator ‘‘fliplr’’ flips the matrix
wijD left to right, that is, in the angular direction. Accord-
ing to eqn (1), wijDz2fliplrðwijDÞ if the window wijD is
centered on a vortex core; the covariance operator allows
one to detect where this equality occurs. The ramp func-
tion R is used in eqn (3) because the negative covariance
values are of no interest in this study. The rightmost term
Sij in eqn (3) is a scalar (51 or –1), which reflects the dir-
ection of the vortex (clockwise: 1, counterclockwise: –1).







where sgn is the signum function. Because of the covari-
ance measure in eqn (3), the BVS yielded by Doppler vor-
tography has high amplitude at the vicinity of a vortex and
reaches a local extremum at its center (see an example in
Fig. 3 based on a vortex pair). As such, the BVS parameter
can help to detect the vortical structures that form in the
left ventricle during early filling. It could also be of clin-
ical interest to quantify them.Avortex is describedmainly
by its core vorticity. The vorticity u in polar coordinates











where Vr and Vq are the radial and angular velocity
components, respectively. The Doppler velocities (VD)
are related to the radial velocities as follows: Vr 5 –VD.
Fig. 2. Blood vortex signature. The blood vortex signature (BVS) is calculated using a small block sliding over the raw
color Doppler array. The local BVS is based on the covariance (cov) between this block and its antisymmetric counterpart.
The rotation direction is determined using a simple convolution. R and sgn stand for the ramp and sign functions,
respectively.
Doppler vortography d F. MEHREGAN et al. 213Assuming now that the vortex is axisymmetric at the
vicinity of its core, one has, at the center of the vortex





; if ðr; qÞ5 ðrc; qcÞ (6)
By use of eqns (5) and (6), the core vorticity uC can
finally be written as a function of the Doppler velocities:Fig. 3. Doppler vortography for a vortex pair. Insonification of

















To sum up, Doppler vortography works as follows: (i)
The BVS is measured during diastole from the color
Doppler data using eqn (3). (ii) The main vortices are de-
tected by seeking the extrema of BVS. (iii) Their core
vorticities are estimated using eqn (7).a vortex pair (a) and corresponding mock color Doppler
s an extremum at the vortex core (d). As a comparison, the
is also depicted (c).
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To test the accuracy of Doppler vortography under
ideal conditions, numerical ultrasound simulations were
first performed with a Lamb-Oseen vortex. The Lamb-
Oseen vortex is a commonly used vortex model in fluid
dynamics. The circumferential velocity component VV
















where r is the distance from the vortex center, az1:2564,
VFpeak is the peak circumferential velocity and rc is the
core radius. From eqn (5), the core vorticity (at r 5 0)





The ultrasound simulations were performed using
the freeware Field II developed by Jensen and Svendsen
(Jensen 1996; Jensen and Svendsen 1992). A 64-
element phased-array probe with a 0.3-mm pitch was
simulated. A total of 40,000 randomly positioned
coplanar scatterers—ensuring fully developed
speckles—were insonified at 2.5 MHz with pulses con-
taining eight cycles. The region of interest was 4 cm
wide and ranged from 4 to 8 cm in depth respective to
the probe. The Lamb-Oseen vortices were all centered
within this region of interest. For a given vortex configu-
ration, radiofrequency (RF) images containing 64 scan
lines and covering a 40 wide sector were created at
a pulse repetition frequency of 7 kHz. The consecutive
RF images were generated after the scatterers had been
displaced according to the Lamb-Oseen velocity field.
The Doppler signals were calculated from the demodu-
lated RF images using a standard auto-correlator (Kasai
et al. 1985) with a packet size of 5. A total of 31 vortex
configurations were simulated. To generate these
scenarios, the vortex core radius (rc) was fixed at 1,Fig. 4. In silico studies. Color Doppler fields were simulated
vortex signature was deduced from the color Doppler data usin
The core vorticity yielded by Doppler vortography (eqn [7]) w
(see also Fi1.25 and 1.5 cm, and the peak velocity (VFpeak ) ranged
from 0.35 to 1.5 m/s. These values were chosen to be
consistent with clinical observations (Garcia et al.
2010). The Doppler fields were de-aliased and smoothed
using an unsupervised denoising method (Garcia 2010;
Muth et al. 2011). For each Doppler field, the BVS was
calculated from the simulated polar Doppler data using
eqn (3), and the vortex core was located from the BVS
extremum (Fig. 4). Several kernel sizes, that is,
(2n 1 1) 3 (2n 1 1), where n 5 1 . 5, were tested to
analyze the robustness of the method. The effect of kernel
size was analyzed using a repeated-measures analysis of
variance (MedCalc Software, Version 12.5, Ostend,
Belgium). The core vorticity was finally estimated using
eqn (7) and compared with the ground-truth vorticity (eqn
[9]) using a linear regression and a Bland-Altman plot.
In vitro data
The Doppler fields simulated with Field II were all
based on perfectly axisymmetric vortices. Additional
simulations were also performed with more realistic
vortical patterns issued from in vitro data. These
in vitro experiments were performed using an atrio-
ventricular dual-activation pulse duplicator (courtesy of
ESIL, Marseilles, France). As previously described in
Garcia et al. (2010), this in vitro model consists of
ventricular and atrial activation boxes, systemic and
pulmonary circulation models and a computerized
driving interface (Tanne et al. 2010). The left heart cavi-
ties are compliant and transparent. A liquid made of 40%
glycerol and 60% saline water was used as a blood
substitute. The in vitro system was set to simulate three
different hemodynamic conditions: heart rate (bpm)/
stroke volume (mL) 5 60/65, 80/60 and 100/75. The
velocity field within the ventricular cavity was measured
using optical laser-based PIV. The laser plane cut the
mitral and aortic valve planes, as well as the apex, to
simulate an apical three-chamber view. The image series
was processed with a standard commercial softwarein Lamb-Oseen vortices using Field II (left). The blood
g eqn (4) and allowed detection of the vortex core (right).
as compared with the theoretical core vorticity (eqn [9])
g. 6).
Doppler vortography d F. MEHREGAN et al. 215package (Insight3 G, TSI, Shoreview, MN, USA).
Ensemble average velocity fields were obtained using
30 consecutive heart cycles. The PIV data were post-
processed by means of an unsupervised regularizer
(Garcia 2011), and the vorticity was estimated using
the eight-point method (Raffel et al. 2007). Through
use of these PIV fields, 200 3 64 mock Doppler fields
were simulated using Field II with the transducer located
at the apical position. The parameters governing the
simulations were similar to those reported in the previous
subsection. The BVS was calculated using eqn (3) with
different kernel sizes (an example is given in Fig. 5).
The local extremum of the BVS patch corresponding to
the main diastolic vortex (see Fig. 5) was detected,
and the core vorticity was estimated using eqn (7).
Doppler vortography-derived core vorticities (Eq. 7)
were compared with those measured from the original
PIV field (eight-point method) using standard linear
regression and a Bland-Altman plot. They were both
measured at the same location, that is, where the BVS
amplitude was found to be maximal. This analysis was
performed on the frames related to diastolic filling only
(total 5 14 frames). To determine if transducer position
affects the results returned by Doppler vortography,
several probe angles relative to the left ventricle centroid
were tested (0, 65, 610) (see Fig. 5). The effects of
kernel size and probe angle were analyzed independently
using repeated-measures analyses of variance (MedCalc
Software, Version 12.5, Ostend, Belgium).Fig. 5. In vitro data. Color Doppler fields were created from i
velocity fields. The blood vortex signature was measured by Do
vortex was compared with the PIV-derived vorticity. SeverClinical data
The core vorticities obtained with the new Doppler
vortography method were compared with those obtained
by the vector flow mapping technique developed by
Garcia et al. (2010). In the latter method, the cross-
beam velocity components are deduced from the 2-D
continuity equation with adequate boundary conditions
(see Garcia et al. [2010] for details). Doppler echocardio-
graphic images were acquired using a Vivid 7 ultrasound
system (GE Healthcare, USA) in 19 patients (5 men, 14
women, mean age 5 57 6 16 y). The use of these echo-
graphic images was approved by our local ethics
committee. Informed consent was received from each
participant. Among these patients, 12 were normotensive
and 7 were hypertensive. They all had transthoracic
echo considered as normal using common parameters.
Apical three-chamber views with color Doppler over
the entire left ventricular cavity were acquired during
one to three cardiac cycles. The raw color Doppler data
were exported from commercially available software
(EchoPAC System, General Electric). A total of 55
frames were selected (average of 2.9 frames/patient).
Only the frames obtained during early filling were
considered in this study. Color Doppler data were
analyzed using both Doppler vortography (eqns [3], [4]
and [7]) and the vector flow mapping method proposed
by Garcia et al. (2010). The core vorticity of the main
mitral vortex (i.e., the vortex at the tip of the anterior
mitral valve leaflet) was estimated by Dopplern vitro intraventricular particle image velocimetry (PIV)
ppler vortography, and the vorticity of the main diastolic
al insonification angles were tested (see also Fig. 7).
216 Ultrasound in Medicine and Biology Volume 40, Number 1, 2014vortography as described under Theoretical Concept of
Doppler Vortography. As a reference, the core vorticity
of the same vortex was also calculated using the vector
flow technique as previously developed by Garcia et al.
(2010): the Okubo-Weiss criterion for vortex detection
was derived from the vector velocity fields, and the corre-
sponding core vorticities were determined. The Okubo-
Weiss criterion, also known as the Q criterion, is related
to the second invariant of the velocity gradient tensor.
Positive values point out the regions where vorticity
prevails over strain rate (Hunt et al. 1988). Doppler
vortography-derived core vorticities (eqn [7]) were
compared with those measured by VFM using a standard
linear regression and a Bland-Altman plot.
RESULTS
In silico and in vitro data: vortography-derived versus
ground-truth vorticity
We observed good concordance between the vortic-
ities estimated by Doppler vortography and those derived
by control methods (in silico: analytical solution, in vitro:
eight-point method). A strong correlation was obtained
both in silico and in vitro (r2 5 0.98 and r2 5 0.86)
(see Figs. 6 and 7), with reasonably small relative errors
in silico (Fig. 6, right). As revealed by the Bland-
Altman plot (Fig. 7, right), however, overestimations
and higher relative errors were observed in vitro
(216 15%). This was due to the geometry of the vortices,
whose cores were somewhat elliptic in the in vitro setup.
In silico and in vitro data: effects of kernel size and
angle insonification
The repeated-measures analyses of variance re-
vealed a significant effect of kernel size (p , 0.001),
both in silico and in vitro. There was a negative linear
trend (p , 0.0001) between kernel size and vorticity:
that is, vorticity decreased with increasing kernel size.
Pairwise comparisons, however, indicated that the mean
vorticity differences between the 3 3 3 and 11 3 11Fig. 6. In silico results. Comparison between vortography-d
Different vortex core radii were simulated (skernel configurations were 9.2 6 0.8 s21 (in silico) and
12.36 2.1 s21 (in vitro); these differences remained rela-
tively small compared with the actual vorticity values
(mean . 190 s21). No significant effect of insonification
angle (p . 0.05) was reported for the in vitro data. It can
be concluded that kernel size and insonification angle had
a negligible or no effect on the vorticity estimation.
In vivo study: Doppler vortography versus VFM-
derived vorticity
Very good concordance between the vorticities esti-
mated by Doppler vortography and VFM (y 5 2.2 1
0.95x, r2 5 0.89, N 5 55, p , 0.001) was observed in
19 patients (Fig. 8, left). The relative error between the
two methods was 2.7 6 14% (Bland-Altman plot in
Fig. 8). These findings indicate that good estimates of
core vorticities can be obtained without the full vector
components. To visually compare Doppler vortography
and VFM, three examples are provided in Figure 9. The
BVS maps returned by Doppler vortography (Fig. 9,
second column) correlated well with the Okubo-Weiss
criterion (Fig. 9, third column). Although these parame-
ters are not aimed at being similar, they both allow vortex
detection.
DISCUSSION
We have found that the echocardiographic tool that
we derived, designated as Doppler vortography, can accu-
rately detect and quantify the main intraventricular
vortices that form during diastole. Intracardiac flow orga-
nization can be a robust marker of left ventricular filling.
Blood flow is indeed very sensitive to its environment: as
a fluid, and in contrast to solids, blood (on the macro
scale) does not have a preferred shape because it does
not possess any elastic behavior. In other words, a solid
resists distortion, but fluid does not: contrary to solids,
when a shear stress is applied to a fluid, the fluid contin-
uously deforms. As a consequence, small dynamic and/or
geometric perturbations may induce significant changeserived (eqn [7]) and ground-truth (eqn [9]) vorticities.
ee eqn [8]). SD 5 standard deviation.
Fig. 7. In vitro results. Comparison between vortography-derived (eqn [7]) and ground-truth (eqn [9]) vorticities. Several
angle insonifications were simulated (see Fig. 5). SD 5 standard deviation.
Doppler vortography d F. MEHREGAN et al. 217in flow patterns. For instance, in vascular flow, a slight
modification in vessel geometry or flow dynamics, such
as a bend, sharpness or acceleration, may modify blood
flow patterns drastically. This phenomenon may be also
true in the left ventricle and could be visible in the vortical
structures (Kheradvar and Pedrizzetti 2012). It is thus
anticipated that vortex analysis may provide additional
information on left ventricular function. Concordantly,
recent scientific literature reveals an emerging clinical
interest in the characterization of intraventricular flow
vortices (Belohlavek 2012; Cimino et al. 2012;
Kheradvar et al. 2012; Poh et al. 2012; Toger et al.
2012). In this context, it was the aim of this study to
propose a new color Doppler technique, Doppler
vortography, for intraventricular vortex flow imaging.
Because this technique makes use of conventional
Doppler fields, Doppler vortography is fast, is clinically
compliant and does not modify the clinical echo-lab
routine.
Why use the three-chamber view?
In this study, we focused on the large vortical struc-
tures occurring in the apical long-axis three-chamber
view. This plane passes through the apex and the centers
of the mitral and aortic valves. Although intracardiac flowFig. 8. In vivo results. Comparison between vortography-der
vorticities. Sample size 5 55 color Doppler frames iis known to be 3-D, phase-contrast MR studies have indi-
cated that the out-of-plane velocity components are small
in the plane corresponding to the echo three-chamber
view (Eriksson et al. 2010, 2012; Wigstrom et al.
1999). Indeed, velocity data obtained by Wigstrom
et al. (1999) and Eriksson et al. (2010, 2012) from 4-D
phase contrast MR distinctly depict an intraventricular
flow that is mainly parallel to the long-axis plane. In addi-
tion, clinically useful parameters of intraventricular flow
dynamics can be obtained from a planar flow simplifica-
tion using this view. In particular, Thompson and
McVeigh (2003) reported that accurate pressure differ-
ences can be calculated using 2-D acquisitions because
the momentum fluxes normal to the plane of interest are
negligible. From these independent studies, it can be
claimed that the utilization of 2-D statements in the
particular three-chamber view is quite acceptable for
analysis of the main flow vortices in most situations.
We thus assumed that the main flow arrangements remain
measurable in the three-chamber view, without signifi-
cant loss of information. This assertion, however, may
be invalid in severely diseased patients, in whom the
3-D nature of the flow could adversely influence Doppler
vortography. Indeed, in such cases, the ‘‘anti-symmetry’’
hypothesis (see Fig. 1) could become ineffective. Furtherived (eqn [7]) and vector flow mapping (VFM)-derived
n 19 patients. See Figure 9 for three examples.
Fig. 9. Vector flow mapping (VFM) and Doppler vortography in three patients. The first column represents vector flows,
as measured by the VFM technique described by Garcia et al. (2010), superimposed on conventional color Doppler
images (the color bars represent Doppler velocities). In the second column are blood vortex signature (BVS) maps.
High BVS amplitudes denote the presence of a large-scale vortex. The BVS sign represents the direction of rotation
(see eqn [3]). The vector flows measured by VFM are also displayed for comparison purposes. The third column repre-
sents the Okubo-Weiss criterion derived from the VFM vector velocity fields. The Okubo-Weiss criterion is positive in
zones of high vorticity. Note how well zones of high-amplitude BVS compare with this criterion. The images in the first
row are from a normotensive subject with normal echo.
218 Ultrasound in Medicine and Biology Volume 40, Number 1, 2014validation in mildly to severely diseased patients using
velocimetry by cardiac magnetic resonance will help to
better identify the physiologic conditions under which
the 2-D hypothesis remains valid.
Doppler vortography versus vector flow mapping
Velocimetry by echo-PIVor phase-contrast MRI (see
Introduction) would have been better gold standards than
VFM, as these two techniques do not assume a planar
flow. In contrast to theMRI and contrast echo approaches,
however, Doppler vortography has the great advantage of
being readily suitable for the clinical practice. Severaltechniques have been proposed for intracardiac vector
flow mapping from conventional 2-D echocardiography,
three of the most important ones being those described
by Arigovindan et al. (2007), Garcia et al. (2010) and
Uejima et al. (2010). The method proposed by Arigovin-
dan et al. is not well adapted to cardiac flow imaging
because two measurements differing by a significant
angle are required. Although their theoretical concepts
are different, the VFM approaches proposed by Uejima
et al. and Garcia et al. are both based on single-color
Doppler data set. The latter tactic minimizes the 2-D
divergence to deduce the cross-beam velocity components
Doppler vortography d F. MEHREGAN et al. 219and has been found to be an accurate quantitative method
(Garcia et al. 2010); this is the VFM technique that was
used in patients in our study. VFM, as Doppler vortogra-
phy, is based on color Doppler data only. However, it uses
a different numerical approach; this VFM method thus
does not necessarily yield axisymmetric vortices. As de-
picted in Figure 8, we obtained very good concordance
between Doppler vortography and VFM when deter-
mining the core vorticities in patients. When
superimposing the velocity vectors yielded by VFM on
the BVS map, it appeared that Doppler vortography was
able to detect the main vortices adequately (see Fig. 9).
From our simulations and in vivo data, it can be concluded
that Doppler vortography is an efficient non-invasive
method for detection and quantification of
intraventricular vortices. Doppler vortography has the
advantage of being numerically simpler and faster than
VFM. More importantly, it directly targets the vortical
flow patterns present in the color Doppler field using an
original detection algorithm.
Technical limitations of Doppler vortography
Doppler vortography is based on 2-D color Doppler
imaging and, thus, can be affected by the inherent
Doppler artifacts, including aliasing, low signal-to-
noise ratio, low angular and temporal resolutions and
clutter signals (Mitchell 1990). The default clutter filter,
as provided by the clinical GE ultrasound scanner, was
used during the acquisitions in patients. It is likely that
the cutoff frequency, within reasonable limits, little
affected the results returned by Doppler vortography,
because we were interested in the frames with relatively
high velocities (E wave). A better alternative to suppress
clutter signals, however, would be the use of efficient
adaptive filters such as eigen-based clutter filters (Yu
and Cobbold 2008; Yu and Lovstakken 2010).
Furthermore, the Doppler signal-to-noise ratio was
generally high in most cases during early filling. Low
signal-to-noise ratio Doppler images were successfully
de-aliased and denoised using the robust discrete cosine
transform-based smoother (Muth et al. 2011). It should
be noted that denoising does not influence vortex de-
tection significantly because of the presence of a covari-
ance-based filter, but it is required to obtain a consistent
estimate of the core vorticity, as an angular derivative is
necessary (see eqn [7]). Poor image sampling could also
impede vortex detection/quantification. In all patients
studied, however, the Doppler sectors contained at least
50 scan lines and enclosed the inner left ventricular
cavity entirely to ensure high-quality measures. This
was sometimes done at the expense of frame rate, but
low frame rates do not affect the technique by itself.
Of note, after some practice, the vortical regions can
be spotted by an experienced eye from the color Dopplercine loops only. This actually helps to fine-tune the
Doppler acquisition and to better adjust the Doppler
sector. Finally, it should be pointed out that the pilot
clinical study reported in this article was performed in
only 19 patients. Because the echographic conditions
encountered in these patients were all nearly optimal
(no obesity, no cardiac complication, etc.), one must be
aware that we likely missed clinical situations in which
Doppler vortography may fail. A more exhaustive anal-
ysis performed in a large group of patients, with different
echographic settings (pulse repetition frequency, signal-
to-noise ratio, wall filter, Nyquist velocity, etc.), would
help to better identify the potential artifacts of Doppler
vortography.
Doppler vortography as a potential clinical tool for
better assessment of diastolic function
In some hypertensive patients (see Fig. 9, second
row), a retrograde (i.e., counter-rotating with respect
to the natural flow circulation) vortex was visible in
the apex, by both Doppler vortography and VFM. In
other patients (such as in Fig 9, first row, normotensive
subject), a large vortex was present adjacent to the
posterior mitral valve leaflet. Because a slight modifica-
tion of the wall and/or inflow dynamics may signifi-
cantly alter intraventricular flow, we believe that
vortex flow imaging by Doppler vortography could be
of help in the evaluation of diastolic function. In the
presence of an apical vortex, the left ventricle may enter
into a vicious cycle. Because it rotates in a direction
opposite that of natural flow, the apical vortex induces
excessive fluid energy dissipation and, thus, increases
the workload. This may further disturb the blood flow
filling patterns, which, in turn, decreases the vorticity
of the main vortex. It could be expected that the vorticity
of the major vortex is, to some extent, negatively related
to the degree of filling impairment. At this stage of the
study, this assertion remains hypothetical. A prospective
study in a large group of patients is necessary to deter-
mine the potential clinical interest of Doppler vortogra-
phy for the assessment of diastolic function and the
prediction of adverse events.
CONCLUSIONS
Doppler vortography is able to decipher the vortical
structures that form in the left ventricle during diastole.
This color Doppler approach may offer new echographic
insights into left ventricular function, especially for
diastology.
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